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THE INTERNAL CONSTITUTIONS OF THE INNER PLANETS AND E_ MOON

Gordon J. F_ MacDonald

Institute of Geophysics

and Planetary Physics

University of California

Los Angeles, California

ABSTRACT

The internal structures of the moon, Mars, Venus, and Mercury are

examined in the light of what is known about the constitution of the

earth. The gravitational figure of the earth as obtained from orbits

of artificial satellites is used to estimate the possible deviations

from hydrostatic equilibrium on other planets° Observations of the

orbital and rotational motion of the moon are consistent with the

hypothesis that the interior of the moon supports density inhomogene-

Itles of the same order as those supported by the earth. The available

data on the moon are insufficient to determine whether or not the moon

is differentiated. The orbits of Phobos and Deimos yield an adequate

value for the moment of inertia of Mars. The moment of inertia and

the mass are consistent with a metallic core containing about lO per

cent of the mass of Mars° The observation of the possible magnetic

field of Mars would be of importance both to the understanding of

planetary magnetic fields and elucidating the internal structure of

that planet. Seismic investigations on the earth yield an equation

of state for silicates to pressures of about 1 x lO6 bars. This equa-

tion of state is used in determining density variation within Mars.

The surface heat flow for the earth is consistent with the hypo-

thesis that the concentration of radioactive elements is the same as

that in chondritic meteorites. The observed ratio of potassium to
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uranium in surface and near-surface rocks fs not consonant with the

chondritic hypothesis. The moon can be of chondritic composition only

if it is differentiated with the radioactivity concentrated in the

upper few hundred kilometers. A chondritic composition for Mars would

require a differentiation in excess of that consistent with its mass

and moment of inertia. It is concluded that a chondritic composition

is not a satisfactory chemical model for the inner planets.



COnSTItUTIOnSOF Pnm  s AND THE MOOn

I, I_RODUCTION

At the present and in the foreseeable future, the.lnteriors of

planets can only be explored through indirect observations. Before

the advent of planetary probes, planets other than the earth could

be investigated by visual and radio observations. Preliminary explora-

tion of space has already yielded data of considerable importance in

the interpretation of the internal constitution of other bodies. As

an example, it is now known that neither the moon nor Venus possesses

a magnetic field comparable in strength to that of the earth. These

observations provide further limits to the speculations regarding both

the origin of planetary magnetic fields and the nature of planetary

interiors.

Our knowledge of the _ear_h's interior is considerable compared

with the information regarding other planets° The data on the internal

structure of the earth makes possible a construction of models of the

other planets. These models provide quantitative estimates of para-

meters that can be measured by instruments carried in vehicles that

either orbit or land on the moon, Mars, or Venus o Observations obtained

in this way can then be compared with the models and the observed devia-

tions will provide both a guide to the internal constitution of the

other planets and a test of the understanding of our own planet.

Knowledge of the earth and its interior has grown in the past few

years° Jeffreys (1937) first examined the constitution of the earth-

like planets in the light of geophysical knowledge. _ing the past
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ten years, the understanding of the internal constitution of the earth

has increased, large-scale variations of the earth's gravitational

field are well known as a result of studies of the orbits of artificial

satellites. The low-frequency oscillations of the earth provide new

data regarding the elastic properties of the earth° Although major

problems still abound in the theory of the earth's interior, its

internal distribution of mass and elasticity are relatively well deter-

mined. The question of the thermal regime remains a pressing problem.

The origins of continents and oceans and other surface features are

closely tied to the anelastic behavior of the earth and little progress

has been made in understanding the behavior of silicate materials when

subjected to small stresses for long periods of time° The internal

part of the earth's magnetic field undoubtedly originates in magneto-

hyd_dyr_mi_ motionaof the _fluid core° The driving mechanisms for

these motions are uncertain° It is _possible that the motions result

from thermal inequalities arising from radioactive heat sources or

heat released through a precipitating fluid. Alternatively, the core

may be stirred by the relative motion of the mantle and fluid core;

in this case the field is driven by the precessional torques of the

sun and the moon.

Cince the internal constitution of the earth provides a guide to

_hc _ature of the interior of the other terrestrial planets, we will

first review those areas of the study of the earth that have contri-

buted most heavily to the undel_standiz_ of its internal constitution.

The methods, concepts_ and techniques applicable to the earth should



also apply to the study of the moonand the inner planets. After con-

slderlng the state of knowledgeabout the earth, we will discuss the

current state of knowledge of th_ internal constitution of the moon,

Mars, Venus, and Mercury ° Particular attention will be paid to those

problems about which a great deal will be discovered in the early

stages of planetary exploratlon.

The determination of the earth's figure is a principal concern

of geodesy@ Since the external figure of the earth is the result of

its rotation and internal massdistribution, a detailed knowledge of

the earth's external gravitational field sets limits on the internal

mass distribution. The departure of the earth's gravitational field

from that of a homogeneoussphere results in observable perturbations

in the motions of the moonand of artificial satellites. The study

of the orbits of artificial satellites has been particularly valuable

in providing additional information regarding the earth's external

potentialo

The gravitational forces of the moonand sun raise tides in the

solid body of the earth; and these external tidal forces are precisely

known. Accurate observations of the earth's response to these forces

yield information onboth elasticity and density within the earth and

on the deviations from perfect elasticity at the tidal frequencies.

_e variation of the earth's rotation both in reruns of the variation

of position of the instantaneous axis of rotation and in terms of the

length of day yields infor?_ation regarding the internal elasticity

and anelasticity.
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Seismology provides the must _powerful tool for the investigation

of the earth's interior; the propagation of elastic waves depends on

the detailed variation of density and elasticity within the earth.

The sources of _uch elastic waves are for the most_,_partearthquakes

though in recent years artificial sources have become increasingly

important. The determination of the travel time of these waves permits

an estimation of their variation of velocity with the path of travel.

This variation yields the radial distribution of velocity° The radial

distribution of the velocity of both campressional and shear waves can

be combined with astronomical data to obtain the distribution of

density within the earth. In recent years an additional powerful

investigational tool has been the observation of the free oscillations.

The free oscillations involve the planet as a whole and an analysis of

.....the fr.equencie___f,.hhe,.f_zaa_cillations reduces the di_f_iculties asso-

ciated with analyzing many events on different seismographs for several

earthqtu_kes.

The interpretation of the variation of elasticity and density

, ." -'-I "l_,_bn.n the earth requires a detailed knowledge of the behavior of

si!icate materials at high temperatures and pressures° In the last

few yesrs, great progress has been made in ,simulating deep-earth con-

ditions _n laboratories. The materials that are stable at the earth's

surface un_iergo a vast variety of changes when subjected to conditions

that prevail within the upper 100 l_n of the earth. It is likely that

further changes in the structure of matter will occur in laboratory

experiments as they more closely approach conditions existing in the
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deep interior where pressures are on the order of 10 6 bars and tempera-

tures are on the order of a few thousand degrees. Laboratory data can

be combined with seismically derived velocity-depth variation data to

construct chemical-physical models of the earthts interior. The labora-

tory data do not yet cover sufficient range and most models depend

heavilyon untested theories of the behavior of matter at high tempera-

tures and pressures.

The variation of temperature within the earth remains a matter of

great uncertainty. Through the outer few tens of kilometers of the

earth, heat is transported by ordinary lattice conduction. Measure-

ments of the surface temperature gradient and conductivity establish

2 -i
that on the average about 64 erg am _ sec flow out of the earth.

'lhesurface heat flow is determined by the inter_al distribution of

l_adloactive heat sources and by the mechanism by which heat is trans-

ported. In addition to ordinary thermal conductivity, radiation is

effective at high temperatures and there is a possibility that convec-

tive motion in solids is the mechanism for the transport of heat.

Models of the earth involving the distribution of radioactivity and

initial thermal conditions can be constructed° The models give some

indication of the possible internal temperature distribution, but the

actual distribution remains most uncertain°

After reviewing the state of knowledge of the earth in the fields

considered above, wewill exa_ne the present state regarding the moon

_d the other planets. Both for the moon and Mars_ astronomical
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observations provide constraints on possible internal structures. The

situation with respect to Venus and Mercury is muchmore unsatisfactory

since only their meandensities are rougkly known°

Observations of the rotation and meanmotion of the moonprovide

data regarding the distribution of density within the moon° These data

suggest that the moon is a relatively strong body capable of sustaining

substantial stress differences for long periods of time° If the moon

is indeed strong, then the internal temperatures must be well below the

melting point. These considerations place limits on the possible ther-

mal field within the moon°

The orbital constants of Phobos and Deimos yield the mass and

dynamical flattening of Mars° These two quantitiescan be combined

to limit possible models for the internal density distribution. The

major uncertainty is the diameter of the planet° Furthermore, the

optical figure differs from the dynamical flattening and this dif-

ference remains a major problem°

The rotations of the inner planets differ in a suggestive fashion.

For the major planets and Mars the density of ang_ar momentum is a

simple function of the total mass of the planet° The earth has a defi-

ciency of angular momentum which can be explained in terms of the tidal

drag due principally to the moon° Mercury and Venus show a great defi-

ciency in angular momentum density due to tidal interaction with the

Sun.



IIo I_fERNAL CONSTITUTION OF THE EARTH

In this section, we review the present state of knowledge regarding

the interior of the earth. Those advances made within the last lO years

will be emphasized, as will those methods which are likely to be fruit-

ful when applied to other planets o The data for the earth have been

obtained through the use of orbiting artificial satellites_ seismometers,

gravimeters, magnetometers3 and heat flow probes° Similar instrumenta-

tion will yield data of first importance on the other planets.

Earth' s Gravitational Field

DynsmiCal geodesy deals with size and shape of the earth and the

description of the earth's gravitational field° The results of dyna-

mical geodesy are of great importance to the discussion of the earth's

interior. Knowledge of the esxth_s gravitational field provides limits

to the density distribution within the earth and, when combined with

the theory of a rotating fluid, yields information regarding the long-

term mechanical behavior of the earth°

Prior to the launching of satellites_ information regarding the

external gravitational potential and the dimensions of the earth was

obtained from measurements of arc lengths, determinations of s_rfacc

gravity, observations of the motions of the moon, and the determination

of the lunar-solar precession of the earth (Bomford, 1962) o While the

astronomical observations are carried out with considerable precision,

the earth-bound observations yield data on a planetary scale that are

of limited accuracy. The principal reasons for this are the unequal
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distribution of observations over the surface and the great variety

of instrumental techniques employed in the observations.

Satellites are by no means an ideal geodetic tool, yet they .do

provide valuable information regarding the large-scale features of the

earth's gravitational field. Deficiencies in tracking, incomplete data

analysis techniques, and lack of an adequate theory to remove the

_e_ular and periodic effects of atmospheric drag all reduce the accu-

r_,cy with which satellites may be used to determine the external poten-

tial of the earth. Since 1958, the detailed reduction of observations

of a large number of satellites has led to the determination of 8 zonal

harmonics of the earth's gravitational field together with estimates of

certain of:the tesseral harmonics°

We write the external gravitational potential of the earth in

the notation recommended by the International Astronomical Union

(l_gihara, 17_2).

m n

= _n=l_= R_n Pnm(sin S)r 0 '
(1)

( Cnm c°s mA * smsin'm_n

r - distance from center of earth (cm),

R = mean equatorial radius of the earth

p m = associated Legendre polynomial,n

(_n),
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8 = latitude,

X --longitude.

The coefficients Cj and Sf are dimensionless quantities specifying

the contribution of each harmonic in the external potential. An

alternative and useful notation is

=_C °
Jn n (2)

iG

A consistent set of numerical values entering into Equation (i)

_ 1020 cm3 sec "2(];vi= 3.986 032 + 0o000 030 x

J2 lO82._o x lO-6,
D

R = 6.378 165 xlO_ cm,

f = 1/298.3o,

_._ = 7.292 i15 85 x i0 "5 sec -I

_'e = 978.030o,

(3)

(Kaula, 1963c; Clarke, 1962; Kozai, 1962a)o f is the flattening c>f

the reference ellipsoid,.a _is the rate of 5he earth's _'o£ation with

respect to inertial spacc_ and v,e is the equatorial gravity.

The numerical values listed above combine to yielC

_R
m _. N

Ye

; m = 3.4678 x 10 -3 , (4)
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for the ratio of the centrifL_al to the equatorial acceleration.

The zonal harmonics Jn lead to long-period and secular effects

on close satellite orbits_ A large number of papers (over 70) have

been published listing improved numerical estimates of the Jn' Table

I lists a number of the more comprehensive investigations and reviews

of the zonal harmonics. Of these, those due to Kozal (1962b) perhaps

should be weighted most heavily since they have been derived f_on an

extensive series of observations on se,,,crai_ate]_ites,

' O'Keefe and Batchlor (1957) fi!'st showed •that the sectorial ha _-

1_onics C22, $22 would give rise to sn 0bservable, semi-dlurnal oscil-

lation in the secular orbit. The determination of these high-frequency

terms in the orbit is subject to far greater _n_certainty than the long-

oeriod and secular terms. For the most part, Baker-Nunn camera

observations have been used. Table II li_ts estimates of the tesseral

harmonics. The most extensive investigation has beencarrled out by

Ifaula (1963a,b)., who analyzed Daker_Eunn observations for several satel- •

lites for periods ranging ove_• seve1'al hun_a_ed (_ays°

Figure of a Fluid Earth

A rotating fluid develops an equatorial bu!Cc represe_,5cd -:nthe

gravitational potential by finite •values" of Jn' n even. The difference

between the o>se_f_.?edJ for the earth and the J Tor an equivalent
n n

rotating fluid is a measure of the dcviat_Tcn of the earth from hydro-

static equillhri_u_. For a hydrostatic earth (all s_tuofacesof equal
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density are level surfaces), odd harmonics v_ish so that the magnitude

of the Jn' n odd, is also a measure of the deviation of the earth from

fluid equilibrium.

The coefficient J2 can be written in terms of the principal moments

of inertia• C and A as

j2 =C-AMR2 • (5)

Because of the flattening of the earth, the attraction of the sun and

moon on the earth's bulge induces a motion of the earth's rotational

axis about the pole to the ecliptic. From observations of thepreces-

sion of the equinoxes, it is possible to obtain a value of H = C - A
C

of 1/305.3 where th_ principal uncertainty is in the mass of the moon

(Jeffreys, 1959)' _eprecessi'ona_cbnstant H can be c0mbi_e_ with

the dipole moment J2

inertia C

J2 C
m

to yield a good estimate of the polar moment of

(6)

The theory of rotating fluids yields a result between hydPostatic

flattening fH and the principal moment of inertia C

. 1/2

MR2 = _ _ -_ 2fH
(7)

(Jeffreys, 1959). The hydrostatic flattening fI!

obtain a value for the hydrostatiq J2' _

•/

can then be used to
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1 im 2f ) (8);

The theory carried to higher orders yields relations between the hydro-

static value of the flattening and the hydrostatic coefficients J i.
n

The deviation of the earth from hydrostatic equilibrium is illus-

trated in Table III wherein the first row, the nonhydrostatic coeffi-

cients in the expansion of the earth's potential are listed. These are

obtained by subtracting the values of the potential of a fluid earth

from the observed values listed in Tables I and II.

\

The nonhydrostatic components of the earth's potential can be

referred to more familiar quantities such as the corresponding gravity

anomalies or deviations ofthe surface of equa!potential (geoid) from

a standard spheroid of revolution. The gravity anomalies 6g are given

by

2U

°6g= r _ '

where the subscript o implies that the potential and its derivatives

are evaluated at the surface of the geoido If the gravity anomaly is

expanded in a series of spherical harmonics, the coefficients, 6gn '

a_'e related to the coefficients in the expansion of the potential by

(9)

C m

m (n_l) _e (n
6gn _" S m J

n

(lo)
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Similarly, the deviation of the geold from the reference spheroid can

be expanded in spherical harmonics and the coefficients, 6Znm, are

related to coefficients in the expansion of the potential by

C m

m_-R( n >
6Zn S m "

n

Table III lists the deviation of the geold from the equilibrium figure

where the units are in meters. The corresponding gravity anomalies

are also given. It is seen that the largest deviation is in the flat-

tening of the earth and amounts to 76 meters in the geold or 12 milli-

gals in the gravity field (i gal = am sec-2). The geold derived by

Kaula (1963b) is shown in Figure i.

(ll)

It might be supposed that the observed nonhydrostatic contribu-

tion to the external potential could arise from the inequalities in

mass represented by the contlnent-ocean system. The gravity anomalies

expected for an isostatically compensated standard crust are listed in

Table III. For the low-order harmonics, the gravity anomaly expected

from the crust is small compared with the observed gravity anomaly and

opposite in sign. This implies that the deviatlons_ of the figure of

the earth from an equilibrium figure cannot be attributed to the near-

surface distribution of mass but must result from inhomogeneltleS in

the density field at depth (Munk and MacDonald, 1960b).

Interpret atlon of Deviations from _lllbrium

_The interpretation of the deviation of the earth's potential from

that expected for an equivalent rotating fluid raises the problem of
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the long-term anelastic response of the deep earth to small stresses.

The question of the earth's response to large-scale_ small-amplitude

stress differences imposed for long periods of time has plagued geo-

physicists for a century. Kelvin assumed that the earth co_Id be

treated as an elastic body even for long-period deformations whereas

Darwin proposed that the earth behaves plastically. Today, proponents

for both points of view can be found; the gravitational field, as

determined from satellite orbits, demonstrates that the earth is, at

present, not in equilibrium. Whether it is continuing to adjust to

reach equilibrium_ or whether the stress differences implied by the

inequalities of mass are maintained for long periods of time is an

open question.

The simplest interpretation of the density anomalies within the

earth supposes that the anomalies are supported by the finite strength

of the rocks making up the mantle. The anomalies lead to stress dif-

ferences_ the magnitude of these differences depend on the radial

distances over which the _stress differences are supported. Kaula

(1963d) has evaluated the stress differences implied by the external

gravity field for an elastic mantle. Table IV lists the maximum stress

difference for the harmonic coefficients given in Table III o An alter-

native to the finite strength interpretation for the density of

anomalies is that the density ±nhomogeneities are maintained dynamically

by convective currents_ We will later consider the evidence for con-

vection within the mantle.

k



TABLE IV

Maximum Stress Differences Resulting from

Deviations of Earth from Equilibrium Fluid

(_ula, l_3c)i

Harmonic Maximum Stress

•Differences in Bars

C2° 163

'C2 2 7O

S22 65

ci° 32

i

C3 6o

1

S3

0
Ct_ 18
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Interpretation of the Flattening

Munk and MacDonald (1960a,b) note that the deviation of the

observed bulge from an equilibrium bulge is that expected from the

deceleration of the earth. At present, the earth is slowing down at

a rate of about 2 seconds per 105 years. As the earth slows down,

the equilibrium figure changes. If the earth behaves as a viscous

fluid, thegn the earth wi_l adjust toward the equilibrILun figure _J_th

the time constant set by the viscosity° Alternatively, the earth _ay

behave as a planet with a finite strength° Stresses due to the

changing rotation then build up until the finite strength is reached°

At this point stresses can be relieved either by a continual adjust-

ment with fracture and flow at the level of finite strength or by a

single, catastrophic readjustment to the equilibrium figure.

At tNe present rate of deceleration, the nonequilibrium bulge of
!

the earth would develap in _bout l07 years. On the viscous fluid

interpretation, the time constant combines with a rigidity of 1012

2 cog.s. Alter-dyne am to yield a value for the viscosity of 1026

natively, on the finite strength hypothesis, the mantle has a creep

strength of about 200 bars.

The inequalities in figure_ other than that associated with the

bulge, also lead to substantial stress differences. The origin of

these inequalities is uncertain. They may represent initial inhom0-

geneities in the density distribution. Alternatively, they may be

associsted with the process of continent formation in which the

;
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vertical redistribution results in density anomalies at depth. This

latter interpretation is strengthened by the fact that the low-order

harmonics are correlated with the gravity field in a way opposite to

that expected from an isostatlcally compensated crust.

Bod_ Tides and the Rotation of the Earth

Data on the earth's gravitational potential both provides infor-

mation regarding the distribution of density within the interior and,

by comparing the observed values with those of an equivalent rotating

fluid, yields data on the earth's anelastic behavior. Because of the

large scales involved, it is safe toassume that the gravitational

anomalies are assoclated with anelastic responses of a long time-

scale. As we will review later, data from seismology provides infor-

nmtion on the anelasti c resP0nse of the earth to Periods on the 9rder

of hours and seconds. The earth also yields to other distorting

forces having periods intermediate between the very long secular

changes and the high-frequency seismic deformations.

Bod_ Tides

The attraction of the moon and the sun produces deformations in

the body of the earth analogous to the tides in the oceans. The

attraction of an external body on a spherical earth may be considered

to be of two parts. First, there is a net force attracting the earth

toward the external body in question which is of such a magnitude it

would seem that all the earth's mass were concentrated at the center

of gravity. Second, there is a differential force on the various
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parts of the earth's volume because they are at slightly different

angular positions from the center of the sun or moon. These dif,

ferential or tide-raising forces produce the ocean tides.._hey _so

deform the solid earth, tending to elongate it into an ellipse whose

major axis is directed toward the disturbing body. The ocean tides

are large and more obvious, but the deformation of the solid earth

also produces observable effects. These effects yield information

on the interior of the earth° The earth tides yield readily to

mathematical treatment, whereas ocean 'tides do not_ The free periods

of the elastic vibrations in the earth are on the order of an hour

and an equilibrium theory is, therefore, applicable to the slowly

varying tidal deformations o In the ocean, the free periods are

probably on the order of a few days so that they cannot be treated

_ e_,_librium phenomena° As we shall see_ th_ ocean tides compli-

cate the analysis of body tides.

In addition to the forced motions induced by the action of the

sun and moon, there is a free nutation of the earth's axis of rotation.

Euler showed that a free body symmetrical about its axis of rotation

would rotate permanently about the axis of greatest moment. A small

disturbance makes the axis move in a cone about the axis of greatest

C
moment and it completes its revolution in a period of _ times the

period of rotation. The wobble in the polar rotation should show up

in astronomical observations as a change in latitude with a 305-day

period. During the 19th century, a number of astronomers searched



for changes in latitude with such a period. The results were :*'nconclu-

sive. Chandler (1891) announceda term in the latitude variation with

a period of 428 days, 40 per cent longer than Euler'S classic value.

Imter, Newcomewas abl_ to demonstrate that the yielding of the solid

earth and the oceans should bring an increase in the period from lO

to 14 months. He attributed one-fourth of the increase to the mobility

of the oceans, the remainde_ to the ear*_h's elasticity° The lengthening

of the period can be _iderstood as follows: The rotation produces an

elastic strain which is symmetrical about the instantaneous axis and

does nothing to displace it ° Tnls is superimposed on a permanent flat,

tening, the two together making up t:he total flattening° The permanent

part affects the axis of rotation just as such a condition would affect

a rigid body and it is this part that determines the period; however_

both parts are attracted by the sun and moon and contribute to the

precession. The lengthening-of _heperio_ from lO _o 14 monbhs thus-

gives a measure of the elastic yielding of the earth° In addition,

the Chandler wobble is not of constant amplitude but decays. If a

source is given, the rate of decay provides information regarding the

deviations from elasticity within the earth.

Love Numbers

A description of the deformation of the earth due to both the

tide-raislng forces of the sun and the moon and the 14-month wobble

is best given in terms of certain numbers introduced by Love (1927) o

_ consider the earth's response to a dist_rbir_ potential U(R) des-

cribed in terms of a spherical. }_a_'l_:On_cof (.[e_ce_L_._o;the tidal

/
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forces of the moon and the sun and centrifugal forces arising from

the earth's rotation can be written as gradients of such a potential

U. The resulting deformation defines the Love numbers h and k as

follows: The ground is lifted by an amount h U/g, where g is the sur-

face value for the gravitational acceleration. The additior_l gravi-

tational potential at the displaced surface arising solely from this

redistribution of mass is kUo The numbers, h and kj are Love numbers

of degree two. If the disturbing functions require higher order

harmonics for their description, then higher order love numbers would

be defined° The factor, I + kj is a factor allowing for the attraction

of the bulge by itself and the response of hU/g takes this self-

attraction into account. A fluid .covering the globe at the surface

would remain equi-potential and be lifted by (i + k)U/g relative to

the center of the earth an_ _y (1 + k , h)U/g relative to the sea-

bottom. In addition to the vertical displacement of the solid surface

by hU/g_ there is a horizontal displacement with component

g _S
(12)

where the third Love number, £, describes the horizontal yielding of

the surface.

The Love numbers are limension!ess parameters which neatly s_-

maz'ize sor:e of the earth's elastic properties. The determination of

the second.order Love _umbers fixes the mean elasticity of the planet.
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Tidal Variation of Gravity

The tidal deformation displaces the surface and its acceleration

to first order at the spherical surface, r = R is

Cravity measured at the surface of the earth rill show a tidal varia-

tion. The effect of the yielding of the earth is to amplify the

the factor (1 - 3 k + h).gravity by

A large number of observations of the variation of gravity have

been carried out by observatories around the world. Of particular

interest is a set of observations made by Harrison, et alo, (1963)

using a sincle instr_n_ent at 13 locat_onso The results are summarized

in Table V. The Love number, k, can be derived from the observed

(I - _ k + h) if some relation is assumed between k and h. Calcula-

tions based on an assumed elastic model for the earth show that h

2.[9M_ (Molodenskiij 1961)and that this relation does not depend in

a sensitive way on the details of the internal elasticity. A value

of 1.184 for (1 - _ k + h) yields k = 0.34. This can be compared

with k = 0.25 obtained by Pariisky (1961, 1963) for central Asia.

Table V shows an important variation in the amplification of the

_ide and the phase lag _r_th p_sition of the ohsei'ving station. It

seems liRe3_; that ocean tides are at least partia!_]y ._:esponsible,

particularly for the observations in coastal stations. Ocean tides,
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unlike body tides, are not an equilibrium phenomenon and, since they

differ in phase from the disturbing potential, the local value of

acceleration is perturbed. _be variations among the continental sta-

tions indicate that blocks of the earth are moving relative to each

other. Thls observation is of interest since it may _rovide a clue

as to the mechanism by which tidal energy is dissipated.

I 4 _'.

The magnitude of:the torque which arises from the lunar tides

nnd acts to retard the earth's rotation may be estimated from the

acceleration of the moon in-its orbit. On the basis of astronomical

observations durir_ the last 200 years, Munk and MacDonald (1960a)

derive a value of 3 '9x i0_ idyne cm for this torque. The magnitude

" ofthe torque will depend _on the phase angle by which the bodil_ tide

tions of ._hase lags are those for M2,the mean of which of 0.8

• (Table V) corresponding to a time lag of slightly less than two

minute@. This Is_ _ccur_ in,the total gr_vlty tide which is the sum

of the direct attraction of the moon and_ the effects of the earth

bodily tide. There °is no phase .lag in the former contribution and

the lattmr contributes only a.fraction .(h - _2 k)/(l - _2k + h) of the

total gr_vlty tide. _loping an amplification factor of 1.186, the

phase lag is 2._ degrees. 'This _orrespor_s to a tidal torque of 4.6

x 1023 dyne om. ThiS torque is consistent with the observed value of

3.9 x 1023 dyne cm ta_ing into consideration the. difficulties In

measuring the small phase lag.
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Thephase lag indicates the magnitude of the rate of energy

dissipation within the earth but does not identify the sink of the

energy. Dissipation could take place either as a result of the

interaction of the ocean tides or of the imperfections from perfect

elasticity within " '" ........the body of theearth. However, the variability

of amplification factors and variations of phase lag suggest that

some proportion of the energy must be dissipated in the frictiozzl

interaction of cr_istal blocks_

,Ch_dler ,Wobb,le

Observations of the latitude of the stations belonging to the

T_ternatio_l T_tit_le Service determine the wobble of the instan-

taneous axis of rotation. A s_ectral analysis of the variatic_ of

latitude shows %_o izrincil_l peaks, one with a period..Of.a year _

another with a period of b_9 days (Munk and MacDonald, 1960a). TT.e

lengthening of the period over that of an Eulerian rigid body is due

both to the elastic, yield of the _rth:and to the fluid r,espons_ of ....

the core and ocean.

k;

The period of wobble can be interl_reted in terms of a.Love n_iber

k = 0.29 + 0.01. In interpreting this value, it is important to

realize that the earth as a whole i_ involved, including both the

oceans and the fluid inner core. The oscillations excited by the

wobble are only in part com_nunica_ed to the liquid core so that the

full inertia of the core iS not involved in determining the period.

Indeed, if this cor_ were a perfect fluid occupying a spherical cavity
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in a rigid shell, the core would not partake in the wobble at all.

The fraction of the core involved in the wobble depends on a flat-

tening, density distribution, and viscosity of the core and on the

electrmmagnetic interaction between the core and mantle. Only the

variations in the ellipticity and density due to the finite elasticity

of the shell have been investigated. The subtraction of the inertia

of the core reduces the period of the Chandler wobble as ccml_red to

a static model in which the earth is taken to be an elastic body.

The reductionis in the ratio ofthe inertia of the core to the inertia

of the core plus shell. For a rigid outer body, the ratio is i/i0 and

the reduction inperiodis_SOds,Ts, i .....

• • _• _L ¸• / '• i / _• _•• _ • •

In quite the smne•way_ an inviscid ocean covering thewhole earth

would shorten the period though only by a very small amount since the

ocean's moment of inertia would be minute, if, on the other hand,

this ocean remained always aligned with respect to the wobblimg axis,

then the ocean would lengthen the period. The lengthenir_ due'to such

an equilibrium tide would be SS days. If, without any real evidenee_

we assumed an equilibrium Pole tide, then the value of the Love number

would change from 0.29 to 0.23. Jeffre_and_ Vicente (1957)show that
/

the effects of the core increase .Mby about 0.08. The Love number due

to elastic deformations would then be 0.31. This can be coml_red with

0.34 derived from the tidal variation of gravity. Combined with the

gravitational amplification factor of 1.185, this value of k yields a

Love number h = 0.64.
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........The"butst_nding problems in the Int_rpr_tatlon of the Chandler

wobble are the excitation of the motion and the damping. Statistical

studies of the latitude observations indicate that the damping is high

with a Q on the order of i0 - SO. The Q is lower than that obtained

from observations of the elastic behavior of the earth at higher fre-

quencies and the reason for the discrepancy is not understood. The

damping may be due either to frictional interaction with the ocean or

with the fluid core.

• I

The Chandler motion is a free motion and, with the damping,

requires excitation. Themechanlsm of excitation is not known. Munk

and Hassan (1961) show that the atmosphere is incapable of giving rise

to the observed amplitude of the Chandler wobble. Recent studies by

MacDonald (unpublished) indicate that the Chandler wobble may arise

through a quadratic interaction between the yearly oscillation and

oscillations having a frequency of 0.15 cycles per year. The indicated

nonlinearity hints at the complexity of interpreting even such small-

amplitude motions as the Chandler wobble.

Elasticity Of the Earth at High Frequencies

The hnowledge of the earth's interior has been derived almost

entirely from the study of the propagation of elastic waves through

the earth. This point needs emphasis when the possible exploration

of other planets is considered. While other methods yield data regarding

the gross characteristics of the interior, o_ly studies Of the propaga-

tion of seismic waves can provide the detailed variatio_•,of _he elastic

parameters within_ a planet.
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Observation and analysis, of the earth's free oscillations provide

another method for determinln_ the general features of the variation

of seismic velocity with depth° The oscillations involve the earth as

a whole; many of the difficulties associated with analyzing several

earthquakes on different seismographs are circumvented°

Propagation of Elastic Waves

In an infinite isotropic elastic solid, two types of elastic waves

are possible; a compresslonal or P wave in which the displacement is in

the direction of propagation and a shear or S wave in which the dis-

placement is transvers_ to the direction of propagation. Provided there

are no deviations from perfect elasticity, the waves are propagated

without change of form and with velocities which depend only on the

..... p_rope_ti._sp._..the, med_..u_...__..j_lo.ci_.i_s_ CF.gn_ ..C_ _f _t_,_2 a_d S

waves are

cp= (14)

wher e,

k = incompressibility (dyne cm'2),

= rigidity (dyne cm_2),

= density (g cm_3).

rao. o of the two velocities is.
• ./.



Cs= 1 -12o (15)

where _ is Polsson's ratio. For most solids, _ is about 0.25 and the

ratio of the velocities is

Cp
I

CS _ 1.7
(16)

If an elastic wave meets a discontinuity, it is partially trans-

mitted and partially reflected. The interaction of the elastic wave

with the boundary changes its character so that a P wave meeting a

boundary will be reflected and transmitted partly as P and partly as

S. The P and S waves are transmitted anywhere in the solid medium..

Near the surface of the body, there are two waves possible. One is

the Rayleigh wave in which the motion falls off exponentially in going

into the body and which travels at a velocity somewhat less than the

velocity of the S wave. _ne particle motion in a Rayleigh wave is an

ellipse in the plane of propagation. Surface waves in which the dis-

placement is at right angles to the plane containing both the direction

of propagation and the normal to the surface are called Love waves.

If an elastic Solid is suffi61ently isolated from its sLu4roundings,

reflections from boundaries may set up standing waves@ lamb showed

that the vibrations of an elastic sphere can be classified into two

groups. In the toroidal or torsional oscillation, a particle executes

motion on the spherical surface; there is no radial component of motion.

The toroidal oscillat_ons _,nite to form the horizontally-polarized S



waves at. high,frequencies ,ar_,;.I_ wa.vea .at; lowe_ _e_u_nCies. The " .......

spheroidal oscillations Caabine _th .tangential and radial motions to

produce compression and rarefaction. A degenerate spheroidal oscil- .

lati0n involves only radial motion; the entire sphere expands and

contracts. The spheroidal oscillations _can be combined ,to describe

Rayieigh waves.

Numerous studies of the variation of seismic velocity with depth

have been carried out. The distribution obtained by Gutenberg. (1959)

is shown in Figure 2.

Under continental areas, the velocity in the upper few tens of

kilometers varies markedly, with .depth and location. The velocity of

-I
compressional wave ranges from 5 to 7 km sec . At a depth which

averages some 30 - 35 kin, there is a discontinuity in.the seismic

• . velocity and below the discontinuity th_ velocity is usually about

3 _n sec "I. The material above this discontinuity, first recognized

by Mohorovicic, is termed the crust, In oceanic areas the discontinuity

is overlain by 5 - 6 _n of volcanic and sedimentary rocks and some 5 .%n

of water. The distribution of mass in a standard crustal section is

shown in Table VI (Worzel and Shurbet, 195_).

The region below the _rust, termed the mantle, extends to a depth

of 2898 km. At this depth, there is a major discontinuity. Below

this depth shear waves are not transmitted and at 2898 _ the Velocity

of the compr_sBior_l wavas un_r_oes a discontinuity. The region
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Unit

Oceanic Crust

TABLE Vl

Distributiono_ .Mass in Crus_

(after Worzel and Shurbet, 1954)

C£ntlne_taiCrust

Thi ckness Unit Thickness

(km)

Water 1.O3 Crust 2.8_ 33

Sediment 2.30

Volcanic

Rock 2.84 _.5

Mantle 3.27 22.5

35
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between 2898 km and the center of the earth is termed the core, The

core is divided into an outer fluid region and an inner portion in

which the velocity of compressional waves is higher. It is generally

assumed that the inner core is solid though no shear waves transversing

this part of the earth have been observed.

In the mantle_ the velocity, on the average, initially decreases

with depth, reaching a minimum at some 150 - 200 km and then rapidly

increases to a depth of gOO km. Below this depth, the increase is

more gradual° The existence of two velocities throughout the mantle

is significantand suggests a normal type of elasticity. The absence

of shear waves below the mantle is the principal reason for believing

that the outer core is liquid. The absence of shear waves in this

r2glon and the drastic decrease of_ compressional wave velocity are •

the outstandlng seismic features which distinguish the core from the r_

mantle. The surface of Separation of core and mantle is usually con-.

sidered to be sharp and ia the best located as well as the largest

discontinuity in the earth's interior. At a depth of 5121 km, another

discontinuity is encountered. The details of the velocity dlstribu- •

tion within the inner core are •unknown.

Determination of the Variation of Density

The observations of the earth's gravitational field show that it

is very nearly a spheroid of revolution. The mes_a density of 5.52 g

cm"3 is about twice that of s_rface rocks. The great'er mean density

for the earth as a whole can inlpart belaccounted f0r by ordinary
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compression coupled with phase chan_eS in the""s_ilicate materials, but

it also implies a concentration of the denser components.

The mean density provides an indication of the extent of the con-

centration of mass toward the earth's interior. A better measure is

the moment of inertia ....Observations on artificial earth satellites,

coupled with a determination of the precessional constant H, yields a

value for the polar moment of inertia (see Section II). If M is the

mass and.R the equatorial radius3 then the polar moment of inertia

about the axis of rotation C is equal t6 0.3318 M R2. For a homo-

geneous earth, we should have C 0.4 M R2. The moment of inertia

is, therefore, less than that of a homogeneous sphere of the same

density and this is strong evidence for a concentration of mass toward

the interior.

Suppose that the only stress acting within the interior is hydro-

static pressure p o Su_ose further that there• is a range of depth in

the interior over 'which the material is chemically homogeneous and

where no change of phase takes place. Then the pressure gradient and

the density are connected by

dp=. Pg
dr

(17)

where g is the gravitational acceleratiom.

KS is given by

The adiabatic bulk modulus
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Cp2 4 s2Ks:p( -_c ) (18)

and, therefore,
.f

the adiabatic change of pressure with density is

• = dS2

The density w_ll also vary with t'emperature. The temperature varia-

tion may be written

dr pCp dr

.C
p

(19)

(20)

whet e

C
P

T

= coefficient of thermal expansion,

= specific heat. at constant pressure,

= difference between actual gradient of temperat.u_._.and
'....

adiabatic gradient which is - _Tag.

P

Employing the thermodyrmmih relatlons between isothermal and adiabatic , ......., ..._
<

incompressibility, the equation_folr density change within the earth may ..

be written in the form

d_' _
, (21)
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4= _--- __ Cs2

The usual procedure in constructing the density curve within the earth

is to integrate Equation (21) neglecting the variation of density with

temperature.

The variation of gravitational acceleration with radius is deter-

mined by

_U
g = - _-_ , (23)

.where_LKla,_hhe gra_ita_ianml._patential whi ch .satlsfles Pois=o_ .equati_

The variation of pressure is

__2ar .... ÷4_p _o
r

(25)

r_-ov_!dclt_,c carth were adiabatic and homogeneous in phase and chemical

c_l_i)osition, Equations (21) and (25) together would yield the distribu-

tion of density with depth.

Since the earth is known to possess a core, it cannot be homo-

geneous and there is no point in-integrating Equations (21) and (25)
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on the hypothesis that _it is homogeneous. A further difficulty arises

if the integration is carried out over the mantle. When this is done,

it is fot_d that the moment of inertia of the core is greater than

0._ M R2. A homogeneous mantle would thus require a core! with a mass

concentrated toward the outside. Since the core is a fluid, it is

more probable to assume that the fluid core is more nearly chemically

homogeneous than the mantle. Bullen (1953) considered these problems

in detail and required that the density increase between 200 and i000

km. Birch (195_) shows that between about 200 and 900 k_, the rate

of rise of velocity is too great for a homogeneous layer and indicates

a gradual change of c_npositi0n, or of phase, or of both. New phases

are needed to account for the high elasticity of the deeper part of

the mantle (below 900 km) and, because of this, Birch Suggests a

gradual shift _owar_d higher pre_s_e forms ._ The details of_th_e pos. ..... •....

sible phase transitions will be considered later.

The density distribution shown in Figure 2 has been derived using

the velocities determined by Gutenberg (!959). An important point is

that the moment of inertia derived from satellite and astronomical

observations determines the magnitude Of the density jump.a t the core,

mantle boundary. This point appears to have been misunderstood by

James and Kopal (1963).

The .Earth's _ee .Oscillatio_.s

Following. the g#eat Chilean_earthquake of May 22, 1960, the earth's

free :uodcs oI' vibration were observed for the first time. Their detection
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broadened the spectrum over• which a geophysicist may study the earth's

interior. Prior to 1960, information regarding the, earth's interior

had been derived from detailed investigations of the arrival of the

elastic body waves as recorded by seismographs. Thesewaves travel

different paths through the earth and contain most of the energy in

the high-frequency part of the spectrum (lO - O.1 cps). The use of

low-frequency normal modesas a tool for interpreting the earth's

interior is Just beginning and a numberof new results can be

expected.

The notation adopted to describe the earth's free oscillations

is similar in many ways to that used in spectroscopy; the similarity

reflects the common mathematical structure of these two fields. The

solution to the equations of motion of an elastic sphere can be

separated into a function dependent upon radius and a function depen-

dent upon the a_ular coordinates. The angular function is written

as a sum of spherical harmonics

xLm p m (sinB) e

where, p m is the associated Legendre function. The time-dependence

has been included in the exponential where w is the angular frequency

of the oscillation (Alterman, et al., 1959). The exponential term

describes a wave traveling with a speed of m/_ radians per second.

If m is positive, the wave travels from west to east for a geographical

coordinate system; if m is negative, it travels from east to west. The

(26)
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two signs of m are symmetrical in a stationary sphere; the solutions

for dlfferentmare degenerate. Rotation destroys this s_ymmetry and

creates important differences between waves traveling from west to

east and waves traveling frcm east to west.

The numbers m and _ are familiar in quantum mechanics as the

_mgnetlc and azimuthal quantum numbers respectively; _ and m must

assume integral values because of the conditions on the outer boundary

and the conditions for regularity in the center of the sphere. The

integral values determine the surface pattern of deformation associated

with a particu_free oscillation. Thenumberaf lines on the surface

of vanishingdisplacement associated with the angular coordinate 6 is

- m_ the number of nodal lines associated with the angular coo_'dinate

k is m_ The_e Will also be _aurfaces of zero particle displacement ........

associated with the radial function. The desmription of the radial

function is in terms of n,_the radial no_e number.. •

The free oscillations can thus be characterized by three integers;

L and m determine the pattern of displacement on the spherical surface

and n determines the number of i_ternal nodal surfames. The notation

that has been adopted (_c_onald and Ness, 1961) is

spheroidal and toroidml oscillations respectively.

T m
nS_m, n _ for the

For example, in

the 0S2 oscillation, a sphere alternatively assumes a prolate and

oblate form.

_o elgen freq_?encies for an in_omogeneous earth can be deteF_nined
J

by numerlcal computations (Alterm_u, etal, 1959; MacDoneld and Ne_s,



1961). As an example, we first consider the toroldal oscillations

which involve only the elastic mantle; the core-mantle interaction

determines the boundary condition over the inner surface of the elastic

shell. The effects of the Inhomogeneouselasticity and the density on

the oscillations are illustrated in Figures 3 and 4; the elasticity

and density are those given in Figure 2. The energy levels shownin

Figure 3 are normalized to provide a one-centlmeter displacement on

the surface (the observed displacement is much less; on the order of

lO-6 am). About 3 x lO21 _rg are required to produce this displace-

ment wlth a 0T2 surface pattern in both the Gutenberg model earth and

in a homogeneousearth having the average properties of the Gutenberg

model. At higher frequencies it takes more energy to form the compll-

cated surface pattern of displacement while maintaining thismaximum

surface amplitude. The needed energy is greater in the homogeneous

model since the near-surface rigidity is greater than in the Gutenberg

model.

The elastic energy in the oscillations is more or less evenly

distributed over the antlre mantle at low mode numbers (see Figure 5).

At higher mode numbers, the elastic energy is concentrated toward the

outer layers of the mantle. Thus, the high, order oscillations arm

used to describe the outer parts of the mantle, while the lower oscil-

lations give information regarding the average properties of She

mantle.

/i ¸ "_• • • •
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Observations of the Earth's Free Oscillations

Despite considerable theoretical efforts, only recently was an

attempt made to observe the earth's oscillations. Benioff (Benioff,

etal, 1959)constructed-a strain-measuring seismometer in the _form

of a silicon glass rod 24 meters long with the purpose of investigating

the low-frequency spectrum. The free oscillations excited by the

Chilean earthquake were detected both on strain seismometers of the

form initiated by Benioff and on sensitive gravimeters. The two types

of instruments complament each other. The strain seismometer is sensi-

tive to strain produced by both vertical and horizontal motion; it,

therefore, records both spheroidal and toroidal oscillations. On the

other hand, the gravimeter records only the vertical accelerations in

spheroidal oscillations. A combination of the observations from the

two inst_ents permits a separation and identification Of the two ......

types of modes of oscillations.

The power Spectrum of the variations in gravity in Los Angeles

for four days following the Chilean earthquake is shown in Figure 6.

Figure 6 should be compared with Figure 7, a record of a quiet interval

of 116 hours one month afte r the earthquake. This spectrum is almost

structureless though there is a significant peak at 20.5 minutes.

The spectrum of the seismic disturbance is thus characterized by

well-defined sharp peaPs for periods between 1 hour and about 8 minutes.

At higher frequencies, the isolated peaks begin to merge into a continuum

•_s a result of the finite width of _he individual peaks and their incramsed
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number. A similar analysis carried out on strain records by Benioff,

Press, and Smith (1961) and Alsop, Sutton, and Ewing (1961) gives

similar results.

A comparison between the spheroidal modes calculated by Pekeris,

Alterman, and Jarosch (1961b) and those measured by Nessj Harrison,

and Slichter (1961) is shown in Figure 8. The Bullen model is similar

to that of Gutenberg except that in the outer mantle the velocity

increases monotonically rather than decreases as in the Gutenberg

model. At low frequencies, the observations favor neither model since

only the average properties of the earth are involved, but at higher

frequencies the observations more closely fit the Gutenberg model.

Struoture _o_ _t_heSpectrum _......... •

If the earth were a perfectly elastic_ non-rotating sphere, t_en

the spectral peaks Would showup as individual lines broadened only

by the data reduction techniques (instrumental broadening). Devia-

tions from perfect elasticity and fluidity result in a natural

broadening of the lines. The degree to which a given line is broadened

and, alternatively, the rate at _which a given pesJ: decays pro_ide a

measure of the anelastic properties of the earth at the frequencies of

the f_'ee oscillations.

Fro_L the width of the lines and the rate of energy dissipated

per peak elastic energy, iu is found that the Q is about 350 for the

snhe_oidal oscillations. Thus, in the spheroidal oscillations, the
.... . • . .
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earth rings as a rather poor bel2. The estimate Of the Q for, toroldal

oscillations is less certain and somewhat lower figures are indicated.

The highest Q of all is shown by the radial oscillation. The indicated

Q is greater than 5_000. This indicates that the deviations from

elasticity in l_arely compresslonal motions are less than in shear.

There is additional time structure due to rotation. Rotation

removes the degeneracy wlth respect to the mode number m o The effect

of rotation on the oscillations can be qualitatively understood by

recalling that a free oscillation Is composed of a number of running

waves. Waves traveling in the direction of the earth's rotation are

carried forward relative to waves traveling in the opposite direction.

The net effect is that the total pattern of surface deformation rotates

relatlva to th_ e_rth° The rema_al off,he degen_r_y_r._tult_ In that

any line is split into 2_+1 lines. Detailed calculations of the split-

ting of the spheroidal oscillations have been made by Backus and

Gilbert (1961), Pekerls, Alterman, and Jarosch (1961a), and MacDonald

and Ness (1961)o

Chemical Composition of the Earth ....

The chemical composition of the earth poses a problem both tanta_

llzing and frustrating. Materials available at the surface can be

sample-analyzed in great detail_ but the _ain mass of the earth cannot

and we must depend upon indirect approaches. It is usual to assu_e

that the earth has a composition eq_al to tha_ of chondr_tic meteorites.

However, there are :several serious:objections to this hypothesis which

_.Je _i_ll consider _tero

_ . . . _ ii . • .. . ..... " , _ _:_._ ......
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The major effort in classical geochemistry has been the accumula-

tion of detailed analysis of rocks found at or near the earth's surface

(Clarke and Washington, 1924; Rankama and Sahama , 1950; and Goldschmidt,

1954)o From these analyses, the composition of the crust can be esti-

mated. Table VII lists the crustal abundances.

Determining the composition of the remainder of the earth is

extraordinarily difficult. We cannot make a direct chemical analysis

of the material, but must depend on chance samples brought up from

below° The interpretation of a given specimen, whether it is repre-

sentative of deep material or the result of differentiation is not at

all straightforward. Ross, Foster, and Meyers (1954) interl_ret the

close mineralogical and chemical similarity of dunite and •olivine bombs

as_ indicating that these materials the principal constituants of •_

the upper mantle° However, as we shall show later, they cannot be if

the thermal surface heat flow is to be accounted for.

Eclogite inclusions in kimberlite pipes are associated with

inclusions of peridotite and dunite. They contain occasional diamonds

and are enclosed withinla diamond-bearing kimberlite. Because the

diamonds must have formed at pressures corresponding to depth on the

order of 80 to 100 km, the klmberlite inclusions probably represent

material that crystallized at a depth of lO0 km or more. Table VIII

lists the atomic abundances of the major elements in eclogite, ultra-

basic rock, peridotites, and dunites. A comparison of Table VII and

Table VIII indicates the extent to which the lighter elements have



Ha

A1

Sl

P

K

Ca

Element

Ti

Mn

Fe

• TABLE_I

Crustal Abundances

(after MacDonal.d, 1959a)'

NUmber of atoms 'per 106

atoms of silicon

i.21x 105

1.26 x 105

3.34 x 10 5

i.oo x lO 6

4.68 x 103

5.70 x io_

i.24 x iO 5

1.11 x I0_

2.60 x 103

i.19 x 10 5

6o26 x 1023

6.63 x zo23

i.9Z x zo2_

6.28x 1o24

3o16 x lO22

5°i1 x 1023

i.07 x 1024

i.62 x 1023

3.O2x 1022

I.45 x 1024



TABLE VIII,

Possible Samples of t"
(atomic abundances in ,m_....... he Upper Mantl

-_' _- cuv _tOmS Of Silicon)

(after MacDonald, 1959a)

Element

Na

AI

SC

P

K

Ca

Ti

Cr

Mn

Fe

Ni

Ecloglte

5.82 x lo4

4,_ x io5

2.54x i05

I.OO x 106

i.46 x 1o3

I.49 x 1o4

2.21 x 105

1.36 x 104

1.36 x 103

3.29x 1o3

2.41 x 105

6.94 x lo2

Ultrabaslc Rocks

3.05 x lo_

7.09 x to5

1.32 x 105

1.00 xlo 6

4.80 x m 3

z.58z lo4

2.36 z zo5

7.76 x 103

4.68 z zo3

2.96 x to3

2.17 x,lO5

3.35 x 103

Perldotite

2.78 x 104

i.25 x 106

1.29 x 105

l.OOx 106

._.92 X Zo3

7. i0 x 103

8.70 x lO_

I.71 x 103

3.66 x 103

1.58 x lO 5

Dunlte

2.39 x 103

i.70 x 1o6

2.50 x lO4

1.00 x 106

5.22 x lo2

6.29 x 102

i.85 x to_

3.71 x 102

3.3_ x tO3

l.67 x 1o5

•49
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segregated in forming the earth's crust. The rock types listed in

Table VIII have elastic properties similar to those observed seismically

in the upper mantle. A further limitation on the chemical composition

of the earth is derived from observations of the surface heat flow.

These limitations are taken up in the next section.

Thermal Constitution of the Earth

Thetemperature in mines and wells exceeds the mean annual tempera-

ture at the surface and increases with depth. The rate of increase

varies greatly from place to place, but the range is about lO - 40 °C

km -1 A downward decrease in temperature implies an outward flow of

heat. The outward heat flow is determined by multiplying the observed

temperature gradient by the thermal conductivity of rocks. The mean

2 -i
heat flow is about 64 erg cm- sec . The rate of flow of heat from

the interior is thus about 20jO00 times less than that arriving from

the sun when it is overhead. The temperature of the surface is, there-

fore, controlled by the sun and not by the heat-producing, long-lived,

radioactive elements and, possibly, by the initial heat stored within

the earth since the time of formation.

Despite advances on many fronts, the distribution of temperature

with depth within the earth remains uncertain, as does the principal

mechanism by which heat is transported. At low temperatures, a solid

transports heat by ordinary thermal conduction. At higher temperatures,

large amounts of heat may be transported by radiation in optically trans-

parent silicates. However, the combined effects of ordinary conduction
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plus radiation may be swamped by convection provided that the material

making up the mantle can undergo mass motion.

In the present section we will consider the major factors which

influence the internal distribution of temperature. It is useful to

base the discussion in terms of the problem of the development of the

temperature distribution from a set of initial conditions. In addi-

tion to the initial conditions, we require the distribution of heat

sources within the earth and the radial variations of such paramet_-rs

as thermal conductivity, heat capacity, and density, provided that the

heat is transported solely by conduction and radiation. The calcula-

tions then predict the present-day distribution of temperature and

surface heat flux. These predictions can then be compared with the

observations. In addition to the requirement of the observed surface

heat flow, there is also the fact that the outer mantle of the earth

is solid. The present distribution of temperature must, therefore_

lle below the melting point of the matter making up the mantle. The

melting points of multi-component silicate systems at high temperatures

and pressures are still unknown but estimates for simple systems can be

made •

Radioactive Com_osit_op of the Earth

Radioactive isotopes that have produced significant amounts of

heat through the earth's history are distinguished by two characteris-

tics:

l) The product of the isotopic abundance and the rate of heat

generation is relatively large.
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2) The half-life of the isotope is of the sameorder as the

age of the earth.

The known isotopes that meet the two requirements are U238, U235_Th232,

and K40. Isotopes with shorter half-lives may have played an important

role in the initial stages of the development of the earth. Table IX

lists the half-life and heat generation of the important isotopes.

The heat production in representative rock types as well as chon-

dritic meteorites is listed in Table X. It can be seen that the heat

production varies by about 3 orders of magnitudeo

It is commonlyassumedthat the abundanceof the radioactive

elements within the earth equals that of chondrltic meteorites (U =

1.1 x l0 -8 g g-1 -1 -i).Th = 4.0 x 10.8 g g _ K = 8 x 10-4 g g The

principal argument for this assumption is the approximate equality Of

the surface heat flow and the rate of heat production in a chondritic

earth (Birch, 1958). If the entire earth is madeup of chondrites and

if the heat currently being produced by the chondrites is reaching the

surface_ then the surface heat flow would average 59.4 erg cm-2 sec-i

Provided only the mantle were madeup of chondritic materials, then the

surface heat flow would be l_O.1erg cm-2 -1sec . The observed average

over the surface is about 64 erg am-2 -1sec As has been shownby

detailed studies by MacDonald(1959b)j the effects of the initial

temperature and higher rate of heat production in the past raise the

current value of the heat flow above the rate of production, but none-

theless, the agreement between the chondritic earth and mantle and the

observed heat flow is striking.



TABLE IX

Half-life and Heat Generation of Important Heat Producin_ Isotopes

(see Aldrich and Wetheri11, 1958; MacDonald, 1959b)

Isotope

U238

U235

Half-life

(units of 109 years)

4.51

0.71

Heat Generation

(ergs g'isec'l)

o.94

5.7

Percentage

Abundance of

Isotope

O. 72

13° 9 0.26 100.

K40
i.25 0.288 o. Oll9

53
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The difficulties with a chondritic earth or mantle have been dis-

cussed by Gast (1960) and Tilton and Reed (1963). Crustal rocks and

rocks that might possibly originate in the mantle (eclogite, peridotite)

show a ratio of potassium to urani_&m of about lO 4 (see Table X). The

ratio in chondrites is 8 x lO 4. There are two possibilities:

l) The crustal and upper mantle material has been enriched

with uranium relative to potassium.

2) The radioactive composition of the earth differs greatly

from that of chondrites.

If this last possibility is correct, then there is little guide to the

total radioactivity of the earth. The potassium content cannot be

arbitrarily reduced while the uranium is fixed. An earth having the

uranium abundance of chondrites with the ratio of potassium to uranium

of 1 x lO 4 cannot produce the heat required to account for the present

surface heat flow. A possibility is that uranium and thoritun abun-

dances are twice and the potassium is one-fourth that of chondrites

(U = 2.2 x lO "8 g g-1 10-4 -1, K = 2 x g g ). Such a composition would

account for the present heat flow. In addition, a higher uranium

abundance would be in closer agreement with current theories of nuclear

synthesis (Hoyle and Fowler, 1963).

While the total amount of heat producers within the earth is

limited by the observations of the surface heat flow, the ratio of

short-lived potassium to long-lived uranium and thorium is important

in considering the early stages of earth history. The variation of

the rate of heat production for chondritic matter as a function of
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time is shown in Figure 9. The heat production 4.5 Aeons ago was some-

what in excess of 8 times the present rate of heat production. If, on

the other hand_ the potassium ratio were lO -4 and the uranium content

were 2 x lO -8 g g-l, then the heat production 4.5 Aeons ago would only

be about 4 times the present rate.

Surface Heat Flow Measurements

Themost important quantity in any discussion of the thermal

character of the earth is the amount of heat that is presently escaping

from the earth's interior. The outward flux of heat by conduction per

unit area per unit time is equal to the product of the thermal conduc-

tivity and the temperature gradient. The determination of heat flow

requires separate measurements of thermal conductivity and of tempera-

ture gradient.

Systematic studies of thermal conductivities and temperature

gradients have been carried out only since 1939. Birch (1954) reviewed

measurements on heat flow and discussed about 40 determinations in

continental areas and 25 at sea. Since then, a large number of measure-

ments have been made. Lee (1963) assembled the presently available

heat flow data and analyzed 614 values. Lee and MacDonald (1963) have

carried out a detailed investigation of the heat flow using T57 obser-

vations. Of these, 92 were in continental areas and 665 in oceans.

The arithmetic means of the values are shown in Table XI. Lee

and MacDonald (1963) also expanded the observed values in a set of
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TA_ XI

Mean Heat Flow Based on 757 Observations

(after Lee and MacDonald, 1963)

in erg cm'2sec "I.

Arithmetic Means

Earth Continent

6T._ (_.8) 6_.9 (,,0.6)

Ocea____qn

68.2 (-_.o)

Orthog0nal Expansion
63. 9 (_. _,) 68. 9 62.0
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functions orthogonal to the observing stations, The resulting mean

values are also listed in Table XI. The striking result ia that the

heat flow in continental and oceanic areas is very nearly the same.

The global variation of surface heat flow is illustrated in Figure i0.

The heat flow is determined by the combined measurements of thermal

conductivity a_d temperature., gradient .._The measurements will thus take

into account the contribution _of the transport of heat by Ithe penetra-

tive convection of magma. The measurements do not include the contri-

bution to the escape of heat by lava deposited on the surface. Estimates

of the rate at which lava is presently deposited on the surface vary

considerably. Kuenen (1950) suggests a value of 1 km3 per year. The

total heat loss by one gram of lava crystallizing and cooling from

i000 ° to O°C is about 1.67 x i0I0 erg g-l. Of this, 4.2 x 109 erg g-i

comes from the latent heat, 1.25 x I0_ erg g comes from the specific

heat. The average contribution of a cubic kilometer of la_m tO the

surface heat flow is only 3.1 x i0 "l erg cm"2
-i

sec The contribution

of lava poured on the surface to the total heat flow is thus completely

negligible if the estimate of a cubic kilometer per year is relevant.

An alternative estimat_ follows from assuming that the total mass of

the crust has at one time Or another arrived at the _Surfac_e as fresh

lava For the crustal mass Of 2._5 x 1025 g produced in a time of

4.5 x 109 years, the average rate of addition is 5.4 x 1015 g year "I

as compared with the'estlmate of 3 x 1015 g year _I discussed by Kuenen, ....

_Wnile the gldoal contri_nltion of volcanic activity is negligible, local

' " " 4 -r. .._olcanic ac_l•,¢Ibycan dom.rm_e and lca_ to an abno_m_ally high heat flow
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in the vicinity. In heat flow studies volcanic regions are avoided

in continental areas but the sampling of the ocean floor is more

nearly random.

Heat Flow and the Deep Distribution of Radioactivity

The structure of the continental and oceanic crust differs (see

Table VI). The volcanic rock inthe oceanic crust is usually considered

to be basalt. The dominant material of the continental crust is a rock

of intermediate composition. From Table X we note that the rate of

heat production in the material above 40 l_nmust differ greatly between

continents and oceans. If the heat flows through the continents and

ocean bottoms are approximately equal and if the heat productions of

the surface rocks in the two regions are different_ then there must be

differences in the vertical distribution of radioactive material

(Bullard, Maxwell, and Revelle3 1956; Bullard, 1954). let Qo represent

the surface heat flow. The equilibrium heat flow at depth z is then

Qz = Qo - Az where A is the heat production per unit volume. For the

heat production shown in Table X_ it is seen that in the continental

crust between 30 and 60 erg cm "2 -1sec are produced and the heat flow

2 -i
in the continental areas is 68.9 erg am- sec (Table XI). The heat

flowing from below a depth of 30 - 40 km into the crust is then between

-2 -1
9 and 39 erg cm sec There are large uncertainties associated with

the difficulties in correctly assessing the relative contributions of

various rock types to the continental structure. If the volcanic

material under the oceans is basalt and the sediments have the radio-

activity of intermediate roehs, then the heat produced above 30 km is
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between 3 and 6 erg _ _2 se_l_. '_e h_t fl_ lu oceanic regions is

62 erg cm"2 sec _I so that between 56 and 59 erg am_2 sec "I must be

flowing frc_ the depths into the crust. The difference in heat flow

between oceans and continents at a depth of 35 km is then between 17

and 50 erg -2 sec-1

-1
sec. •

The most probable figure is around 40 erg cm "2

The low radioactivity of possible constituents of the upper _ntle

presents major problems in accounting for the heat flow under oceans

(MacDonald, 1959a). If the up_r lO00 km of the mantle are peridotite,

then the heat produced in such a column is only 3.5 erg cm"2 sec "l so

that adding the production in the oceanic crust > the total heat flow

would be about 8 erg cm"2 sec . If the upper lO00 klnhas the radio-

activity observed in eclogites, then the production under oceans is

about _c erg cm "2 -1_ sec , or little more than half the required iheat

flow. If eclogitic radioactivity is assumed> then: the, r_dioactivity

must be buried %0 at-.least _ km.__d-..somemeanS, fo_ tr_a_ml_g the'

heat through these •2000 k_ _us_ be _mmg_e_. , .

Birch and Clark (1940) showed that :the :thermal CondU_tivlty of a

wide variety of rocks shows surprisingly small variation with composi-

tion. Recent measurements at" room temperature further establish the

narrow variation of conductivity with composition (Clark and gible.tt_

1956; Birch, 1950). The temperate dependence of conductivity has

not beenthoroughly explored experimentally. Birch and Clark measured

• _
,.-_._', :._ _., - _ . _.. ....- _•'•,•_._i_
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conductivities up to 400°C and found that the conductivities of poor

conductors such as feldspar and quartz increase with temperature whereas

the conductivities of most materials decrease slightly as the tampera-

ture increases. No experimental studies _havebeen carried out on the

variation of conductivity with pressure.

At high temperatures energy maybe transferred within the solid

by radiation rather than by lattice vibrations. Clark (1957) shows

that the contribution of radiation to thermal conductivity is approxi-

mated by

In this expression, n is the effective index of refraction of the

material, s is the Stephan-Boltzman constant, ¢ is the sumof the

absorption and scattering coefficients averaged over all wavelengths,

and T is the temperature in degrees Kelvin. The striking feature of

the contribution of radiation to conductivity is a strong temperature

dependence. The higher the temperature, the greater will be the energy

transferred by radiation provided that the variation of index in refrac-

tion and opacity do not overwhelmthe _ dependence.

The opacity_ ¢, and the index of refraction are determined by

the properties of the material and, in general, wil_ be functions of

temperature and pressure. The variation of the index of refraction

of a given material with pressure has not been investigated experimentally.



An estimate can be

cQmpositlon the index varies linearly with density.

obtained by noting that for materials of different

If the law of

corresponding states holds, then the index should vary linearly with

pressure. Within the mantle, the density varies from about 3.3 to

5-7 so that over the mantle of the earth a variation by a factor of

2 would be expected, with the material at depth having a higher index

• "_ . ,., , ', _ i i.i '_ _ " _ " _

of refraction than that near the surface.,

The rate at which radiation is transferred through a solid depends

on the frequency of the radiation. Various mechanisms are known by which

solids can absorb radiation and these become important at different fre-

quencies. Absorption due to excitation of lattice vibrations by the

radiation is strong in the infrared. _his lattice absorption is rela-_

tively unimportant, since at high temperatures the energy density is low

at these long wavelengths, Intrinsic absorPtion is due to the excitation

of valence electrons to the conduction band across the ,fundamental energy

gap. Intrinsic absorption is Im_rtant in the ultraviolet for wavelengths

less than about O._mlcrons. The transparaucy of silicates to radiation

is thus limited at long wavelengths by the infrared absorption due to the

lattice vibrations and at short wavelengths by absorption in the ultra-

violet due to the excitation of electrons to the conduction band.

The region of high transparency in silicates lies in the visible

to near-infrared. This is not true for semiconductors such as silicon

and germanium, which are opaque in the visible. Because of the lower

energy ga_!)_the absorption edge in these materials lies at much longer
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wavelengths than in silicates. Within the visible and near-lnfrared

region of transparency, two processes can lead to absorption. Char-

acteristic absorptlonpeaks are associated with the presence of

transition elements. The energy levels of the unfilled electron

shells are split by the crystalline field and certain transitions

between these split levels are allo_ed. These transitions lead to

characteristic absorption bands of the transition elements. In sili-

cates the most important transition element is iron which has a strong

absorption peak about one micron. Titanium, manganese, and other

elements will give rise to absorption bands.

Absorption between the peaks determines the contribution of the

radiation to thermal conductlvity° If there is one perfectly trans-

parent region, then the material has an infinite thermal conductivity.

_he general level of absorption between absorption bands limits the

energy transported by radiation. This general absorption is primarily

due to free electrons. In the classical theory, free electrons will

absorb at all wavelengths. The dependence of_the _Opacit_.... ¢, on the

electrical conductivity is given by 6Or_/n where both the electrical

conductivity, a, and the index of refraction_ n, vary with frequency.

If we assume that the DC electrical conductivity is a sufficiently

good approximation, the variation of opacity with temperature can be

written as

6On_ -E/kT

0 n
(28)
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where co is the opacity at low temperatures and where the second term

on the righthand side takes into account the temperature dependence

of the conductivity, E is some characteristic excitation energy.

Most estimates of the contribution of radiation to the thermal

conductivity are based on the determination of the absorption spectra

rather than on actual measurements. In a few cases, the measurements

of the spectrum can be made as functions of temperature and these

indicate the closing off at high temperatures of the region of trans-

parency for glasses containing transition elements. Clark (1957)

meaSured the room-temperature absorption spectrum of several silicates

in the visible and near-infrared. The radiative conductivity as cal-

culated from the absorption spectrum is shown in Table XII where it

should be noted that the ordinary conductivity at room-temperature

is about 0.02 joules cm-1 sec "l °C. The corresponding opacities are

somewhat uncertain but a value of _bout lO cm'lacCounts for the con-

ductivity of diopside and garnets and a lower•value is required for

olivine.

Melting _el@tions at High Presumes

The fact _that the mantle is solid could be used to limit the

possible temperature distribution if the dependence of the melting

point of the mantle material on pressure were known. As yet, there

is little information on the variation of the melting •temperature

with pressure. Experiments that have been carried out refer to

single-component silicates while the mantle material is undoubtedly



TABLEXI_

Radiative Conductivity Calcuiated from Absorption Spectra
-isee'ideg "I)

KR (Joules e=

 ooo%_O00°K

0.297 0.860 _.k5
Olivine (Mg ,Fe)2SiO _

9.02

Diopside c_Si206
O. 067 _.238 o.44 ,',725

Pyrope _4_3A12Si3012

ALmenalne Fe 3A12S13012

0.00_ 0.021 o.o75

o. OOk o.o17
0.042

o. L8k

,1.212

/.
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a multi-component system, T_e melting point of the single'component

then provides some sort of upper: limit. Hc_ever, the melting curve

of olivine, (Mg,Fe.)2Si04, which is the most likely constituent in the

upper mantle is as yet unknown.

°.

Boyd and England (1963) have determined the melting curves of

dio_side and slblte. The measuremmntso on diopside extend from 5 to

50 _ilobars an_ on albite from i0 to 32 kilobars. The melting curve

of albite is intersected by_ the transition of albite to jadeite plus,

quartz at a presm_e slightly in eXcess of 32 kilobars.

It i_ customary to represent:the melting'relatlons in terms of'

the Simon semi-empirical equation. Thepressure and temperature along

a fuslor_ curve are given by :

.i]
O

) •

•< • .

where a and B are empirical constantS,,and To i_ the melting tempera-

ture at zero pressure. The Inlt_al slope of the melting murve can be

used to determine the constant a and B is determined by the initial

temperature. The coefficients in the Simon equation are given in

Table XIII for diopside and albite.

(29)

If the diopside melting curve is extrapolated to the core-mantle

• Io6bcundary _.:herethe pressure is about 1.4 x bars, the melting

temperature is 3750°C.



TABLEXlll

Coefflc_ent for SimonEquation

(after Boydand England, 1963)

OK Initia_ Slope
To deg/1060 bars

B

Albite 1391 _4 19.5 5.1

Diopslde 1665 15.h 23.3 11..6_
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Convectio n

Much of the current apemulat_on reg_rdlug the transport of heat

within the earth and the other ta_r_s_ial planets centers _ th_

pos_ibil_ty of thermal convection '._EOl_l,196B_ .Rtu_morn, i_63).

the earth, convectioh 'in the mantle is usually imagined a8 a regular3

cellular motion extending hundreds of thousanas of kilometers An depth

(Vening_Meinesz, 1962). There is _no direct _vidence of this _otlon,

but because of the lack _f sound theoretical restrictions on the nature

of the convection currentsj models _an be monstruct_d to _roduce a

great variety of results. This type of large_scale convection is not

to be confused with penetrative convection where local regions undergo

melting and rise through fractures in the overly_ing material. There

can be no doubt that this motion occurs; the existence _of large-scale

organized convective systems within the earth remains debatable.

Because of the wide applicability of the notions of convection to the

internal structure of the moon and other planetsj we consiaer the

problem of convection within the earth in same detail.

Theoretical work on mantle _onvec_tion assumes _hat the mantle

can be approximated as an inCOmpressible, homogeneous _lUld Of zero

t

strength (Pekeris, 1935; Sales, 1936_ HeiSka_en and Vening-MeinesZ,

1958). Such theoretical treatments of convemtio_ are Subject to three

major criticisms :

I) The mantle is asmumed devoid of strength; _or the lob-

term stress systez, the material behaves as a fluid with a

classical viscosity, In application, it is usual to me_tio_
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the finite strength and then ignore it. The evidence reviewed

in the previous sectlon clearly shows that the mantle behaves

' "as a material with a very high viscosity (1026 c.g.s.) or has •

a strength on the order of 200 bars. _eoretical, criteria for

instability in a material with finite s_r_ngth have not been

discovered. Even supposing convection tO occur, we are completely

ignorant of the form it wotuld take. Would it,_for example, be a

regular, cyclical •motion or be initially highly irregular? It

,is clear that beyond the yield point the anelastic properties of

the mantle cannot be described in terms of viscosity.

2) current theories of convection describe the temperature dif-

ference and then calculate the motion in the homogeneous fluid.

The situation in the mantle and in other planets would be the

exact opposite. The heat sources would bedlstributed through-

out the convectlng system and the driving mechanism for the

presumed convecting material would be tied to the material itself.

..... There is no solution of a comparable problem even for a s!mple

viscous fluid; in thls case, it is not known how the motion

reorganizes the heat sources. It may be that such a convection

would tend to concentrate the heat sources so as to maximize the

heat flux, but this is sheer speculation.

3) In the usual theory of convection in a viscous fluid, the

controlling parameters_ density_ viscosity_ conductivity, etc.,

are taken as constant. The large differences in density wish

depth and the implied variation of the parameters are neglected.

Density fluctuations are assumed to be due only to variations in
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temperature. This approximation is valid provided that the

change in density due to pressure or other inhomogeneities is

small comparedto the variations _In density resulting from

temperature fluctuations° For a convective system extending

over a depth of lO00 kin, this requirement fails by a large

margin.

The usual argument for convection is that even though the theory

is not well understood, the observational evidence for convection is

so strong that convection must exist. Wenowbriefly review this

evidence.

l) Strong gravity anomalies are associated with deep ocean

trenches. Venlng-Melnesz (1948) suggests that the deficiency

in,mass impli'ed by these strip_ is due to the down-buckling of

light crustal rocks into the denser material of the mantle.

This down,fold is supposed to be the site of a do_n-going con-

vective current pulling the crust inward. However, seismic and

gravity measurementscarried out by Worz_l and Shurbet (1954)

show that there is no crustal thickening as required by the down-

fold hypothesis.

2) Vening-Meinesz (196R) has noted irregularities in the

spherical harmonic representation of the earth's topography.

Let anm, bnmrepresent the coefficients in the spherical harmonic

expansion of topography. Then the average of the surface har-

monics over the sphere of surface _ is given by
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(3o)

where

n

Yn = (aJ cos mk+ b m sin mk) Pnm(sin 9) (31)
O n "

In Vening-Meinesz 's analysis, the surface harmonics for the

topography show a peak in the values n=3 to n=5. This corre-

lates With niodes for a 41scous fluid motion that would be

thermally excited _in a s]_herical shell having a 3000-_sn thic_r-

ness. •Venir_-Meinesz' s _kypothesis is that the surfac@ topography •

is an expression df the deeper structure and that the topography

of the deeper structure _[s indeed due to currents; thus_ surface

harmonics representing gravity aho_Id also show a peak at the

correspondirg harmonics. The test cf this hypothesis _can be made

by evaluating the mean surface harmonics for the non-hydrostatic

part of the gravitational field. The data is yet limited, but

the surface harmor_Ics derived £rom Kaula (1963b) and Kozai (1962b)

values a_e

n Yn
2 5.59 x i0-6

3 2.07 x i0"6

4 1.08 x 10 .6

_le mean square of the surface haiunonics drops off regularly with

degree of the harmonic. Indeed, these values coupled with values

_j
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for the higher-order zonal harmonics suggest that the mean square
!

of s_rface harmonic may drop off as n-5/2. Thus the agreement

between the harmonic representation of topograp.hy and that to be

"expected for the homogeneous shell of fluid does not h01d for

the gravity field,

3 ) The thickness of the sediments on the sea floor is also con-

sidered to be evidence for convection (Hess,, 1962). The sedimen-

tation since Pleistocene has been at the rate of about 1 centimeter

per thousand years and the Mohole test drilling indicates that the

rate may have held since the Miocene. The present thickness of

the sediments on the ocean floor would then accumulate in some-

thing liP_ 200- 300 million years. Because of the short time-

scale, Hess argues that the ocean floor, must be renewed from time

t_ time. Comveot_on currents are presumed t, .provide the mechanlsm

by which the ocean floor Is periodically rejuvenated.

The argument from the rate of sedimentation is reminiscent

of attempts to date the earth from the salt content in the sea.

Indeed, at current rates of inflow, the age o_ the ocean derived

from the salt now present in the sea is about 300 - 400 million

years. .Rather than requiring a clean _ma floor once every 200

million years, the present rate of sedimentation and the observed

thickness suggest, as does the salt content of the oceans, that

the rate of erosion has varied widely in geologic times. There

are good reasons for supposing that both the present and the late

Tertlary have been times of considerable relief during which the

rates 'of sedimentation were considerably above the long-term

geologic average.

t"
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_) The paleomagnetic datadiscussed by Runcorn (1962a), Cox

and" Doell (1960), and others can be interpreted in terms of

motions of the continents relative to each other. This inter-

pretation presumes that the field has .remained dipolar over

geologic time. The theory of the causes of the earth's magnetism

is far from being established and one can argue that the observed

reversals in the field suggest a rather short time-scale for the

f_eld and intervals during which the internal field may not have

been dipolar. Further, there is accumulating paleontological

evS•J_encethat argues strongly against continental drift (Axelrod,

None of the arguments for convection appear particularly convin-

ciltg; on the other hand, there are strong reasons for rejecting con-

vection as it is usually presented. The first of these reasons is

concerned with the thermal requirements of mantle convection. Let AT

represent the temperature difference between the up-going and down-

going currents of a convecting.cell. In the steady state, the viscous

forces equal the buoyancy forces and this requires

g  AT=
(R-r)2

(32)

where,

g= gravitational acceleration,

= density.

i•
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= volume coefficient of thermal expansion,

= viscosity_

v = velocity of the convection currents,

and where the variation of the parameters with depth is neglected.

For _mntle convection, the two uncertain quantHties in the above

expression are the velocity and the viscosity. It is conventional

to adopt l022 c.g.s, as the viscosity. This value refers to a ques-

tionable interpretation of the local rebound in glaciated regions.

An alternative estimate of the viscosity can be cbtai_ed from the

figure of the earth. The theoretimal flattening of the earth is

greater than the observed flattening. This has been interpreted by

Munk and _cDonald (1960a,b) _to be the result of the Blowing down of

....the _earth 1_y t_m_l:_r_cti_n :_d _lag _-t_e_esta_l_s_ 'of _ne _

equilibrium figure.

AT = 2 x I0I0 v . . • (33)

Runcorn (1962b) argues that if convection is to play any role in

geology, velocities on the order of I - lO cm year "l are Irequired.

If the motions along fault planes are interpreted as due to convec-

tion, Velocities 6n the order of i _m yea_ "l are requS_Ped. On the

convective theory the paleomagnet!e evidence _n _t_es_s values

on the order of centimeters •per year. In order to _ccount for a

velocity of icm year 'S.-, a temperature differencebetween the up-

going and do_n-g(_ing column woI,I_Idhave to be 650°. _'_'.'_hehamt carried

• I • ,

_i_̧_ i• ppi•r
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by such a convective system is of the order of pCp ATV, where Cp is

the specific heat _, A temperature difference Of 650 ° with a velocity

of 1 cm year "I would require a heat transport by co_ection of 650

-2
erg cm sec "l. This is an order of magnitude greater than tha_t

observed (see Table XI)o

Taking realistic Values of the viscosity, it is seen that the

thermal requirements of convection in the mantle are so severe that

the hypothesis can be dismissed. Further arguments aga_ust large-

scale convection can be marshaled from the observed equality of heat

flow over continents and oceans and the equality in mass per unit

area. It is difficult tO imaglne large-scalehorizontallmotlonsin '

which these conditions are met. In addition, there is the seismic

evidence that theematerials under contln_nts and um_leroceans differ.

Large-scale horizontal conv_ction would destroy such differences.

Calculation of Internal Thermal Conditions

The internal thermal state of the earth tan be i_vestig_ted by

assuming an initial temperature distributloh, a distribution of heat

sources, and a distribution With depth of such Im_m_ters aS the

density, heat capacity_ thermal condUctivity, and Opaci_p. The t_era-

ture at the outer surface is assumed to be constant _ith t_ime. The

problem is then to determine the temperature distrlb_tion at later

times. The equation governing the development of the tmmperature

field is

r
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_._TT_ [V.(Ii_) + A] - v.VT

_t pCp
(34)

where,

p = specific density (g cm'3),

Cp = heat capacity at constant pressure (erg g-i Oc-i),

K = total thermal conductivity (erg em "l sec 'l °c'l)
)

A = rate of heat production (erg cm"3 sec "I)

v = velocity (cm sec'l).

The term containing thermal conductivity is a measure of the heat flux

in and out of the unit volume. A is the rate at which heat is produced

within the unit volume by radioactivity and is a function both of the

position coordinate and of timebecause of the slow decay of radioactive

elements. If a radioactive element is producing heat at a rate dQ/dt

today, it produced heat at a rate e%t dQ/dt at a time T years ago where
/

is the disintegration constant of the radioactive element. The term

involving the velocity on the righthand side is the time rate of change

of temperature resulting from the advection of heat into the unit

volume. It is this last term which couples the temperature equation

to the equations of motion. The problem is much simplified if this

term can be neglected.

In order to evaluate the advective term, we calculate the tempera-

ture field neglecting_.VT and then compare the relative magnitudes of

A/pCp and_._T. The maximum radial velocities are reached during the
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early history, when the rate of heat p_od_ction in a unit column cross-

section far exceeds the surge heat fl_w. _e maximum radial velocities

are on the order of 100 km per l0B years. The corresl_ndSng temperature

gradients over the upper part of _ mmn%le a_e then lO ° "per kilometer,

so that the convective term _[s on the order of S x _'o"14 _ac sec _I. The

rate of heat production for a typical sub-oceanic mantle during the

first 109 years of earth history 'is,of the order of 8'7 X i0_ mrg cm "B

-i Psec o The ter_ A/pc is then 2 x i0 "IB °C sec _l. Thus, _uring the

early stages of earth history where iadvection of heat is greatest, the

advective term is an order of magnitude less _than the te_ due to

internal heat production. At. later stages# the maximum radial velo-

cities are on the order of a kilometer per Aeon, with the result that

io'the advective term is about 2 x 16 o C sec "I o The heat production

term for the _ame time is3-_X i0-4 PC--se__!......It thu_ a!_ars tlmt over

the entire earth history, the heat production term is one to two orders

of magnitude larger than the advective term. Tho_h the heat produc-

tion term dominates the advective term, the predominanee is not great

enough to ensure that the coupling of the motion field to the thermal

field is entirely negligible even in the case where convection is

neglected.

• k

In order to investigate the development of temperature within the

earth and the effects of the differing vertical Segregations of heat

sources, it is safficient to consider the problem in two spatial dimen-

s/ons. Equation (3_) then takes the form

.... J

• , , . • :
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r

•_i

+1 sine _[ sin % K(r, (t) _ (r, 0, t ) ]
r _e

where 6 is the angular coordinate.

+ A(r, _, t)

Lubimo_ (1958) and MacDonald (1959b) have carried out detailed

calculations on the development of temperature within a spherically

symmetrical earth. MacDonald (1963) has extended these calculations

taking into account the differing distribution of heat sources under

continents and oceans. Several general features of the spherically

symmetrical calculations are important.' The principal effect of "

radiative transfer of energy on the distribution of temperature is

the flattening of the temperature gradient with depth. Because of

the contribution from radiation, the temperature required to remove

heat from the deep interior decreases as the conductivity increases

with temperature. Near the surface the temperature gradient is

dependent only on the lattice conductivity of the solids and the near-

surface distribution of heat sources. For a wide variety of models of

the earth, a near-surface gradient of I0 -20 degrees per kilometer

results. Since the t_nperature gradients are greatest near the sur-

face, the melting temperatures are mo_t Closely approached in the

outer few hundred kilometers of the earth.

The present-day heat flow from a wide Variety of earth models

having a chondritic radioactive composition and very different initial
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conditions and distribution of heat sources ;all lead to present-day

heat flows nearl_ equal t_o_the observed 64 ergcm "2 sec "l.

As an illustration of the distribution of temperature with depth,

we consider calculations carried Out by MacBonald (1963). In these

calculations, the total radioactivity of the earth was taken to be

equal either to that of an earth ma_e up of chondritic materials or

an earth in which only the mantle had the radioactivity of chondrites

and the core contained no radioactivity. The vertical distribution

of heat sources under continents and oceans is shown in Figures ll

and 12 with the ratio of thorium to uranium •taken as S .7.

There are no known continents as old as the earth. However, a

number of age measurements indicates that there are rocks havlng an

age of about 3 x lO9 years (Tilton and Davis, 1959). We consider

the development of temperature in continents formed 3 x lO9 years

ago both for an. initially low temperature given by Curve B in Figure

13 and for a higher initial temperature (Curve A of Figure IS).

The development of temperature with time for a continent formed

3 x lO9 years ago at the Iow-tem_eratUre (Curve B 0fFigure 13) is

shown in FigUres l_ and 15. The r_dioactiVity is taken equal to that

of a chOndrltic mantle and the vertical distribution is as shown in

Figures ii and 12. The isotherms move inward with time. At present,
I

the 1500 ° isotherm is at a depth of 190 km under the eceans and at

225 kmunder the continents.
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Figure 16 shows the development of the heat flow for the models

illustrated in Figures 14 and 15. At present, the average heat flow

is about 61 erg cm"2 sec -1 and there is less than an erg difference

between the heat flow under continents and under oceans. As in a num-

ber of other models that have been studied, the heat flow is high near

the boundary on the continental side and low on the oceanic side as a

result of the flow of heat at depth from the high-temperature oceanic

regions into the lower-temperature continental regions.

Figures 17 and 18 show the development of temperature for a con-

tinent formed 3 x lO9 years ago where the total radioactivity is that

of a chondrltic earth and the initial temperature is low (Curve B of

Figure 13)o The isotherms are displaced upward compared to the case

where the radioactivity is that of a chondritic mantle. Under the •

oceans, the 1500 ° isotherm is at 130 km compared to 190 km for the

lower-radloactivity case° The difference in depth of the isotherms

between continents and oceans is slightly smaller than in the case

with the lower radioactivity. The near-surface gradients are higher

and this is reflected in the heat flow which is shown in Figure 19o

The heat flow decreases continually with time, reaching a value of

about 72 erg cm"2 sec -1 under both continents and oceans° This is

about 9 erg am"2 sec "l greater than the observed heat flow and ll erg

-2 -1
am sec higher than for an earth in _hich or_[y the mantle has a

chondritic radioactivity.

The influence of the initial _emperature distribution is taken

up by examining the develoTo_r.entof temperat'c_e for the case of a mantle
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having a chondritic radioactivity and the initial temper2ture on Curve

A in Figure iS o Figures 20, 91, and 22 show the development of tempera-

ture as a function of time for a continent formed S x i09 years ago with

the higher initial temperature. As in the other two cases discussed

above, the isotherms progressively move down, with the 1500 ° isotherm

moving from ii0 ._m to a depth of 160 km below the oceans over the last

2 x 109 years. The temperature gradients between continents and oceans

are somewhat less than in the case of the lower initial temperature,

Figure 23 shows the variation of the surface heat flow with time. As

before, there is a maximum of the heat flow on the contin4ntal side of

the continent-ocean border and a minimum on the oceanic side. The mean

heat flow is 64 erg am "2 sec "I and is nearly equal on both continental

and oceanic borders after 3 x 109 years. The heat flow of 64 erg cm-2

-i _' 2 -i
sec can be compared with _the heat flew of 61 erg _m" sec • obtained

with the same radioactivity, but with a lower initial temperature. The

variation of initial temperature thus contributes only about 2 erg to

the final heat flow. .....

k

Exlmnsion of the Earth

It is usually assumed that the develol_nent of temperature within

the earth will lead to a shrinking of the outer surface (Jeffreys, 1959).

The concept of a contracting earth has played an important role in

certain theories of mountain building u Undoubtedly, these theories were

influenced by the demands of geologists to account for the apparent

shortening of the earth's crust in mountain belts. However, the view

that the earth has contracted over geologic time is based on the
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assumption that the earth initially was hot and has been cooling off

since earliest times. Explicit account has not been taken of the

effects of the variation with time on the abundances of the radio-

active elements.

We suppose that the earth accumulated as a solid body with an

initial temperature distribution well below the melting point of the

materials. During early times, the rate of heat production was 8

times the present rate provided the earth has a radioactive composition

similar to that of chondrites (see Figure 9). Because solid silicates

are good thermal insulators at low temperatures, a major fraction of

the heat produced would not reach the surface. The excess of the heat

production over the heat loss would lead to a thermal expansion of the

planet. Even if the lower portions of the mantle were raised above

the initial melting temperature_ the expansion would continue since

only a relatively thin shell of insulating material on the outside

would be sufficient to slow the rate of heat loss and the heat produc-

tion would still exceed the heat flowo

It thus appears that if the earth accumulated as a solid body and

if the heat-producing elements are in the ratio observed in chondrites,

then the early history of the earth was a tumultuous one with the earth

expanding at a rapid rate. There has been much speculation regarding

an expanding earth as a consequence of a changing gravitational constant

(Wilson, 1960)o However, such a drastic assumption is not required

since an expanding earth is a natural consequence of the thermal
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develoument of a planet having the composition of chondritic meteorites

or one in which the abundance of relatively short-llved isotopes such

as K40 and _35 is high.

We consider a radial distribution of heat sources.

sphere, the outward flux of matter can be written as

_vr I_ c
P

= volumetric coefficient of expansion,

P = _r r2 A(r)dr,
O

Q = outwardly directed heat flux on the surface a of a

sphere of radius R,

For an elastic

(36)

(MacDonald, 1963)o In the derivation of (36) it is assumed that _he

ratio m/Cp is constant over the volume. Both from experimental data

•and seismic obsezva_io_s _it iS:Anown that •this ratio :does not varyl by

more than a factor of 2 throughout the earth.

In a sphere inwhich=/cp.is a constant, _we see that the rate of

motion of the outer surface is proportional to the difference between

the heat produced per unit area and _he heat flux out of the sphere.

As is intuitively obvious, if the instantaneous rate of heat production

exceeds the heat flux, the sphere expands due to the rise of tempera-

ture within the interior. Alternatively, if the heat flux exceeds the

production rate, there is a contraction° The outward flow of heat is
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a function not only of the current rate of heat production, P, but

also of the initial temperature and of the past history since heat

produced at a greater rate in the past may not have escaped but be

contributing to the present heat flow.

In order to illustrate the numerical values involved, we consider

an earth with the distribution of heat sources as given InFigures 3_1

and 12o Since the heat flow is very nearly the same over continental

and oceanic regions, there is no need to consider the difference in

the distributions between continents and oceans in discussing the

thermsl expansion. S_king the representative value of m/Cp of 1 x l0"12

-i
g ere , the rate of e_imLuslonfor an earth having both am antle chon-

dritlc radioactivity and a whole earth Chondrltic radioactivity is

given in Figure 24° For anearth_i_whlohthetot_iradioactivity

equals that of chondrites, the initial rate of radial expansion is

about 40 km in lO9 years° After 109 years, this rate has been halved

and after 3.6 x 109.years the sarah begins tocohtract at a slow rate.

If the total radioactivity equals that of a chondritlc mantle, the

rate of expansion is less. _e rate of expansion is,not directly

proportional to the heat production. The reason for this is that the

heat flow depends on the internal distribution of t_nperature which,

in turn, is fixed in part by the thermal conductivity. The t_ermal

conductivity is a nonlinear function of temperature. With the higher

rate of heat production, the temperature _n the interior is greater

leading to a larger conductivity and eventually to a higher proportional

heat flow.
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The curves in Figure 24 can be integrated to yield the total

change of radius and this is shown in :_ure_25. The present radius

is taken as the reference radius. For a total radioactivity equal

to that of chondritic meteorites, the radius 4.5 x 109 years was 52

km greater than it is at present.

In these calculations no account has been taken of the possibility

of phase •transitions within the earth. Phase transitions have the

effect of amplifying the expansion since the effective thermal expan-

sion is greater. MacDonald (1963) shows that phase transitions would

have the effect of about tripling the rate of expansion.

InterpretatiOn of the •Variation of seismic Velocities in the Mantle

Several features of the variation of seismic velocity with depth

shown in Figure 2 require an explanation. First, there is the dis-

continuity between crustal material and material underlying the crust.

This discontinuity can be interpreted either in terms of a relatively

sharp change in the chemical composition of the material or in terms

of a phase transition in which materials of low density transform to

high-density compounds ....

Below the crust, the velocity decreases with depth, reaching a

minimum at a depth of 150 kin. The decrease of velocity with depth

can result either from the effect of changing te_persture and pressure

or from a c_e of chemica:l composition. Between 200 km and 900 km

the rate of rise of velocity is much larger than below 900 kin. The
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rapid rise of velocity again indicates a gradual change of comp0sition_,

or of phase, or o_ both. The discontinuity between the elastic mantle

and the fluid core Can also be interpreted in terms of a phase transi-

tion or a sharp break in chemical composition. The radial variation

of velocity does not take into account the near-surface inhomogeneity

of material associated with the continent-ocean system. Recent inves-

tigations show that observable differences exist between the mantle

under continents and under oceans (MacDonald, 1963)o

Seismic investigations of crustal structures establish that the

average thickness of the normal continental crust is approximately

35 km (see Table VI). The compressional and shear wave velocities

are about 6.2 and 3.6 km sec "I respectively near the surface and

increase with depth tO values about 7.0 and 4.0 km sec -I. Theseismic

velocities for the sub-crustal mantle material center about 8.1 and

4.7 km sec "I The seismic results for the oceanic regions indicate

that the discontinuityseparating the crustal material from the mantle

lies at depths approximately i0 to 12 kmbeiowthe surface of the _ea.

In general, the oceanic crust is somewhat less than _ km thick with

seismic veloCities for compressional waves of 6.3 to 7.0 km sec "I.

The rocks below the discontinuity have compressional wave velocities

centering around 8.1 km sec "I although a larger variation in these

velocities is observed in the oceanic mantle than in the continental

mantle.

The interpretation of the seismic data in terms of chemical com-

position cannot be unique. The seismic data must be combined with
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independent data in order to obtain an interpretation of the composl-

tion-of the crust and of the upper mantle. At present, the hypothesis

of an oceanic crust with basalti c composition is compatible with both

gravity and seismic results. Oceanic islands give no evidence for

large amounts of any other material. Hence, it is generally assumed

that the crust is predominently basaltic. The continental crust is

inferred to be of a far more complicated character. Surface outcrops

indicate a wide avariety of compositions and the observed variations of

seismic velocity indicate a further variation with depth. Sub-crustal

materials in both oceanic and continental regions are generally assumed

to be perldotite of similar rock. In this interpretation the crust-

_ntle boundary is the result of a sharp change of chemical composition

where the material of the crust has a greater proportion of Na, K, Ca,

A1, and Si than doea the suh_crustal material ....In this picture, the

crust developed during the early history of the earth when the earth

was undergoing rapid expansion with tension fractures opening into

the upper mantle. The resulting release of pressure led to melting

of the lower-melting components of the mantle material and these rose

to the surface through the fractured zones. The flooding of the

initial surface by the basaltic material formed the initial crust.

Inhomogeneities led to a concentration of material in certain areas

and this, in turn, led to the formation of the early continental

masses (MacDonald, 1963 )o

An alternative hypothesis about the nature of the seismic dis-

continuity between crustal and mantlematerial is that of a phase
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transition. The phase transition would involve the breakdown of less-

dense silicate phases to dense_ forms. Associated with the structural

rearrangement there is a i0 to 15 per cent Change in density. Labora-

tory investigations of the breakdown of low-density silicate formB are

illustrated in Figure 26. The low-density feldspar albite (NaAISis08)

transforms to the higher-density pyroxene (NaAISi206) at a pressure

equivalent to depths of 400 km provided that temperature is on the

order of 400°C. Other materials that are common in crustal rocks also

undergo phase transitions at nearly the same conditions.

The simple suggestion that the seismic discontinuity represents

a phase transition from a basalt-like material into a high-pressure

form faces serious difficulties. Since basalts form a multi-component

system, a trs_Usition would be anticipated to occur over a wide range

of temperatures and pressures rather than along a single curve on'the

temperature-pressure plane. Although the width of the transition

zone is uucertai_, it could be on the order of a few thousand bars

and if this were the case, the seismic transition zone woLtld %e spread

over several kilometers of tens of kilometerS. The seismic evidence

on the sharpness is still, unclear, but most investigators assume that

the transition from crust to _ahtle takes place over a relatively

sharp interval; a few kilometers at most.

An additional difficulty for a phase transition in oceanic areas

follows from studies of the heat flow in oceanic areas. Under oceans

the crust-mantle boundary is at a shallow depth, yet the 500° isotherm
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is at about the same depth under both continents and oceans (see

Figures 15, 18, 22). The different depths of the seismic discontinuity

can be explained in terms of a phase transition only if the crust and

mantle have different compositions under oceans and continents.

Interpretation of the Low-Velocity lamer

The physical conditions which give rise to the anomalous decrease

in velocity below the crust are of great interest, laboratory measure-

ments show that in silicates the velocity increases with an increase in

pressure; pressure stiffens a rock. An increase in temperature has the

opposite effect, decreasing the wave velocity. In the outer regions of

the earth, both the pressure and temperature increase; velocity decreases

if the increase in temperature wins out over the increase in pressure.

An extrapolation of laboratory data indicates that a gradient of 6 to

7 degrees per kilometer is sufficient to produce a decrease in velocity

(MacDonald and Ness, 1961). If the low-velocity zone is indeed due to

the larger effect of increase of temperature, then the existence of the

low-velocity zone indicates the magnitude of the temperature gradient

in the upper regions of the mantle. Gradients between 30 and 150 km

must be at least 6° to 7° per kilometer while below 150 km the gradients

must be less. Furthermore_ this interpretation would require that the

seismic velocities differ under continents and oceans since the thermal_

gradients differ. There is a rough agreement between preliminary

seismic results on contine_t-ocean structure and the required thermal

gradients (MacDonald, 196Bii.
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Structure of the Mantle between 200 and 900 Kilometers

The understanding of the variation of velocity between 200 and

900 km in the earth is important in any discussion of the internal

makeup of the inner planets. Thek_pressure at 200 km in the earth is

0.65 x l05 bars and _this pressure is _reached within.Venus, Mars, and

Mercury. At these depths, the variations of properties with _pressure

and temperature may be of gr@ater significance than the _variations due

to complicated chemical processes.

The present interpretation of the seismic results is in terms of

a gradual increase in velocity over the region of 200 to 900 km (see

Figure 2). Earlier, Jeffreys (1936)presented a solution with the

discontinuity in the velocity at a depth of 480 km. Bernal proposed

that the 480 km _iscontinuity waSwldue to a phase change in which

silicates transform from a lower-density olivine structure to a higher-

density spinel structure. Since this initial suggestion, the stability

relations between olivine and spinel forms of Mg2SiO 4 have been exten-

sively studied by Dachille and Roy (1956, 19583 1960) and Ringwood

(1956, 1958a,b) by examining the temperature and pressure stability of

solid solutions of Mg2(Si_Ge)04 and Fe2(Si,Ge)O 4. Dachille and Roy

(1960) find that the maximum silicate content of the spinel solid

solution increases steadily _ith pressure from about lO mole per cent

at 700 bars to 50 mole per cent at 60_000 bars at 540°C. They extra-

polate these data to obtain the transition of the pure end member

Mg2SiO 4 at lO0,O00 bars with an uncertainty of at least 15_000 bars.

Ringwood (1958c) synthesized the spinel form of Fe2SiO 4 at 38,000

bars and 600°Co
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The transition of MgSi03 from a pyroxene to a corundum structure

has been investigated in a similar way by Ringwood and Seabrook (1962).

From these results, it is clear that at depths on the order of 300 _n

and greater_ the common olivine and pyroxenes are no longer stable and

will give way to denser phases.

A further possibility involves the conversion of olivine or

spinel forms of magnesium iron silicates to oxide phases. Birch (1952)

considered this possibility while noting that the ratio of incompres-

sibility to density for a close-packed metal oxide such as MgO approached

the observed ratio within the earth at depths on the order of several

hundred kilometers. MacDonald (1962) has calculated the stability

relations between Mg2Si04 and MgO and SiO 2 . At high pressures, Si02

inverts to a much denser form, having a density of 4.35 compared to

the density of quartz of 2.7. The estimated phase transitions for

Mg2Si04 are shown in Figure 27.

The temperature-pressure conditions under which the high-pressure

transitions take place are still most uncertain. However, it is clear

that under conditions existing at depths on the order of 200 - 500 tan

within the earth, the common silicate phases undergo transitions to

new phases with structures in which the oxygen atoms lie in closest

packing. Since the oxygen atoms occupy almost the entire volume within

the silicate, it is unlikely that the silicates will undergo further

structural rearrangements. Any further decrease in volume can only

result from a distortion of the outer electron orbits, i.e., pressure
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ionization. The pressure required for such transitions is on the

order of 106 bars or greater and is reached only within the cores of

the larger planets. The density changes in these transitions are

likely to be small compared with density shifts in the geometric

rearrangements. The collapse of silicate structures at a pressure

of about 105 bars, however, can_take place in Mars, Venus, and Mercury

since pressures of this magnitude are reached within the planets.

Chemical Composition of the Earth 's Core

The discovery of the core of the earth by Oldham in 1906 has

since provoked much speculation as to its physical and chemical

properties. The difficulty in determining with any degree of definite-

ness the nature of the earth's core is connected with the difficulty

of compressing _ma -terials _te._he l_essures realized .within the earth.

The pressure at the core-mantle bo.undary is 1.3 x 106 bars. _This

pressure is much in excess of the highest pressures that can be

obtained in static experiments at the'surface. _It is possible to

reach these pressures for short periods of time during the shockwave

experiments and data on the compressibility of solids obtained using

shockwaves are of great importance in obtaining the equation of state

for the core.

The core of the earth is generally assumed to be a liquid iron-

nickel alloy. The evidence usually advanced in support of this view

includes:

l) the existence of iron neteorites,
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2) the fact that the density of iron is in general agreement

with the density of the core as estimated frcm seismology and

frc_ the theory of the figure of the earth, and

3 ) iron'would probably be liquid at the temperatures and

pressures of the core while silicate materials would be solid.

In addition, recent investigations of the abundances of elements in

the solar system, suggest that iron is an abundant heavy element and _

a planet with an iron core would have the proper heavy-element

abundances.

The hypothesis of an iron core has not gone unchallenged. Kuhn

and Rittman (1941) propose .a core .made up of undifferentiated solar

matter, arguing that an iron core is inconsistent with the relative

abundances of the elements. Ramsey (1948, 1949, 1950) suggests that

the seismic discontinuity at a depth of 2900 km represents a phase

change from (Mg,Fe)2SiO 4 in the form of an ionic compound to a metal-

llc phase. Birch (1952) critically reviews these suggestions and
.. . . . . ,

concludes tha@ the core is prinoipally iron,nickel with minor amounts

of silicon and e_rban _i_ce the apparent _ensltY of the core is some_-.....

what less than the expected density of pure iron. The view that the

2900-_n discontinuity is a phase change has many attractive features,

However, a phase change in a multi-component system will almost cer-

tainly be spread out over a range of pressures ._ The sharpness of the

2900_.km discontinuity plus the large change in density of the core-

mantle boundary favors a compositional discontinuity rather than a

c:ha_e of phase.
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The mean density of the core and the density of the core at the

core-mantle boundary follows from the incompressibility obtained from

seismic velocities and from the mass and :uoment of inertia. The satel-

lite determinatlonsof the earth's gro_It_bfield yield a much improved

estimate of the mean moment of inertia and reduce the moment of inertia

by about 0.9 per cent from that previously accepted. The new value of

the moment of inertia implies a somewhat greater central concentration

of _ss. Using the velocities given in Figure 2 and the gravitational

data listed in Table I, the mean density of the core is ll.3 and the

density at the core-mantle boundary is 10.2.

Shockwave measurements, on the equation of state of iron (Knopoff

and MacDonald, 1960; Birch, 1961) indicate that the density of iron

at l.B x lO 6 bars at about 2000°C is i_.2 g am-3 • _is value should

be compared with the core boundary density of 10.2. The core material

is thus about l0 per cent less dense than iron. Nickel would raise

the mean density_ while the lighter elements_ in particular silicon

and carbon, would lower the density. MacDonald and Knopoff (1958)

suggest that silicon is the principal alloying element in the core.

The Earth's Magnetic Field

The magnetic field of the earth resembles to a first approxima-

tion that which would be produced by a dipole at the center. The

dipole is inclined at an angle of ll._ degrees to the axis of rotation.

The vertical field at the equator is 0o31 gauss and 0°63 at the geo-

magnetic pole. The field at the earth's surface can be shown by a

_herlcal 1_armonic analysis tO consist of two parts:

\_. •
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i) that due to sources located within the earth,

2) that having an origin outside the earth.

In the following, we will be concerned •with the dominant part of the

field which has its origin at depth.

A detailed description of the earth's field shows that it differs

from that of a dipole in a substantial fashion. There are also large-

scale variations of the field whose origin must lie at depth.

The terms in a spherical harmonic analysis of the field can be

interpreted as hypothetical multipoles located at the earth's center.

The lowest order multipoleis a dipole which has a component along

the earth's rotation axis and two mutually perpendicular dipoles lying

in thae_uahorlal_lane_,_..]_yon_ th_!poleare the five quadral_l_s._,

Table XIV lists the dipole and quadrapole component obtained by

Vestine, et al., (1947). The striking feature is ,the predominance of

the dipole componentalong the rotationalaxis as comparedto the com-

ponents in the plane perpendicular to the axis. In addition, the

quadrapole components are significant. The estimates of the higher-

order moments aremore uncertain, but it appears that they decrease

in magnitude.

The zmgnetic field shows both high-frequencyand low-frequency

var_ab:T!ity in time. If the short-period fluctuations are filtered

out_ there remains a slow change called the secular variation. This

change usually contln_es at a point for many years and the rate of



• TABLEXIV

Multipole _' _Components of the Earth's Magnetic Field

(Units of 10-4 gauss)

axial dipole

-3057

(Vestlne et. al, 19_7)

equatorial dipole

-211

581

quadrapole components

-127

÷296_

-166

+z6_

+ 5_
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change of any component of the field is usually less than one per cent

per year. The changes invo!ve all components of the field. The main

features of the non-dipole field drift westward at a rate of about 0.2

degrees per year. The dipole field itself moves more slowly but it is

not known whether the motion is systematic.

A large number o_ studies have been carried out on the field in

ancient times. The critical question of the variation of the strength

of the field with time has not been resolved. Gauss carried out an

analysis in 18B5 in which he found •that the axial dipole had a com-

ponent of 0•.323'gauss which _can be co_pared with the 0.306 gauss

determined by Vestlne. This •idecrease in the •field strength appears

real. Further there is evidence that in Roman times the strength of

the field was 1.5 _Itspresent value. The average rate of decrease in

the dipole field since Rbman times has then been much less than that

based on direct observation. This would suggest that there is much

variability in the field even over time-scales measured in hundreds

or thousands of years.

There is statistical evidence that the•time average Of the geo-

magnetic field was an axial dipole durin_ much of the Tertiary

(Torreson, Murphy, and Graham_ 1949). It is now generally accepted

that at certain periods the dipole may have been reversed. This is

based on many rock samples from different localities that have shown

a magnetic polarization opposite in direction to that of the present

field. It is not possible to say how many reversals of the dipole



have taken place, but the time-scale between reversals maybe short

comparedwith a million years.

While the evidence in recent geologic times is for a dipole field,

there is a great deal of data on remnant magnetization that suggest

that the field either was not a dipolar field in the past or that the

field has changed directions relative to the axis of rotation. The

complicated questions regarding the analysis and interpretation of the

ancient geomagnetic field are taken up by Cox and Doell (1960) and

Runcorn (1962a) •

The Origin of the Ma_netlcField

The origin of the geomagnetic field is generally thought to lie

in motions within the core. The short tlme-scale excludes a possible

origin in the mantle since there is no evidence for short time-scales

for processes within this part of the earth. The lack of correlation

of the field with geologic features rules out an origin in the crust.

The core, on the other hand, provides a suitable place for relatively

rapid motions to take place. The core is known to be a fluid and,

therefore, rapid relative motions of the material relative to the

mantle and crust can take place. In addition, it is probably an

electrical conductor since both chemical arguments and the density

imply an iron-nickel alloy. Given an initial seed field_ the motions

induced in some fashion within the conducting fluid could give rise

to a self-sustaining dynamo. The conducting fluid would carry the

lines of current flow and the complexity of the terrestrial field
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could be explained by the camplexity _ the ifluid motion. A further

general feature of the magnetohydrodyna_le Origin of th_ field is the

role of rotation. The only force comparable in size to the Lorentz

force is the Coriolos force. The rotatios influences the geometry

of the resulting field, but does not enter into the energetic consider-

ations.

While it is generally agreed that the field originates in the

fluid motions of the core, the cause of the motions is a matter of

dispute. Elsasser (1939) and Bu_lard (1949) conclude that the only

likely cause is thermal convection due to radioactive heating of the

core. In order :to maintain a field, the radioactivity of the material

of the core need only be a few per cent of the radioactivity found in

Surface rocks_ buS be substantially greater than that found in ultra-

basic rocks, and several orders of magnitude greater than the radio-

activity observed _in iron meteorites. In order to overcome this

difficulty, therel have been various suggestions (Verhoogen, 1961)

that the heat source lles within the solid inner core and may be due

to the con_ensation of the fluid phase into a solid form.

An alternative approach to the theory of the earth's field has

been put forward by Malkus (1963). Malkus reviewed the theory that

the motion is produced by the difference in precessional torques

acting on the core and mantle of the earth. The precessional torque

is proportional to C - A
_, where G and A are the principal moments of

inertia. Because of the differing distribution of density, the
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dynamlcal flattening of the mantle and core differ and, as a result_

the precessional torques acting on the two parts of the earth also

differ. The differential torques can then transfer momentuminto the

fluid motion of the core. In essencej the theory is an astronomical

one. In the theory_ a planet must be rotating and there must be an

external body producing the torque. In the earth the energy for the

motion comesnot out of the radioactivity of the core, but out of the

mechanical motion of the earth-moon-sun System. The theory has not

been developed in detail, but Malkus shows that relatively short time

constants are possible.
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III.

Almost all inferences regarding the internal constitution of the

moon follow fram data on the orbital and rotational motion of that

body, A possible additional limitation to the thermal constitution

is derived from a ccmparlson of the emission temperature of the moon

at radial and infrared wavelengths.

The mean density of the moon is well-established at 3.34 g cm-3 •

This density is about the same as the density of upper mantle material

and lower than the density of chondrltic meteorites. The actual den-

sity should be corrected for the effects of temperature and pressure

when such ccmparlsons are made. Urey (1960) estimates that the den-

sity is in the neighborhood of S .4; significantly less than the

density of chondrltes (3.57- 3.76). H_has pointed out that the ......

moon's density is consistent with a material having about half the

total iron content of chondrltlc meteorites and has considered several

chemical models. It should be noted tha5 the maximum pressure reached

within the moon is about _6,000 bars. The pressure is too low for

either the olivlne-spinel or ollvine-oxlde transition to tare place.

However, the transitions in which the silicates undergo minor struc-

tural transitions are possible.

The Moon' s Gravitational Field

Urey (1952) first emphasized tha_ the figure of the moon sets

limits to the possible internal constitution. The basic argument is

that the present gravitational figure of the moon is not in hydrostatic
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equilibrium. The inequalities in figure must be supported either

statically by internal stre_gth oF dynamically by convective currents.

If the moon were partially molten or Sf a large part of it were nearly

n_elting, then the figure Should be close to hydrostatic. The possible

inferences of the internal thermal state from the figure are complicated

by the fact that the stress differences may be supported in a thick,

cold outer shell _hile the inner l_rt of the moon may be molten or

nearly so. However, it is difficult to provide a distribution of radio-

activity that would lead to such a thermal configuration in a body the

size of the moon. This point w$11 be discussed in detail later.

It is usual to describe the _gravltational field of the moon in

terms of ratios of the principal moments of inertia since these ratios

are determined by meas_ements of the moon's librat_lon. We denote the

greatest moment of inertia about the axis of rotation by C; the least

moment of inertia, A, is about the axis pointing toward the earth;

while the _intermediate moment, 3, ,isabout an axis _at right angles to

the radius vector and axis of _otatlon. The best _determined ratio is

B = CBA, since it depends on the inclination of the axis of rotation

to the pole of the orbit. Jeffreys (1961) and Habibullin (1958) obtain

B = 0.000 627 9 + 0.000 OO1 5 (see also_ Kaula, 1963e).

_,, ._ ,. _ ',B-A
The ratio 7 = _ can be _erived from observations of" .the...forced

physical libration of longitude which mrlses from the attraction of the

earth for the moon's equatorial bulge. JeffreyS ('i-961))using Yakovkin's

(1952) data, obtains _ = 0.O00 204 9 + 0.000 0OO 9. There is an ambiguity

./
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due to the difficulty in determining "on which side of th_ resonant

~..,

point the largest ter_ in the llbratlon falls; the above value for y

depends on assuming that _ 0.67.

In principle, it is possible to deduce the quantities and

B -A M R
._---_-_from observations of the secular mode of the inode and _igee
MR

o_ _he moon's orbit. In order to carry out such a determination, it

is necessary to evaluate the solar contribution to the secular motion

of perigee. The solar contribution is about 1.46" x l05 per year

while only l" per year is due to the moon's figure. Therefore, a

small error in the evaluation of the solar contribution can result in

a large uncertainty in the flattening of the moon and the ellipticity

_t the equator. Jeffreys (1961) obtains

-- = o.ooo 364 -+o.0oo o75

B-A

M )R )2

C - l(A + B)

0o000 0_i + 0.000 039

= o.0oo328

These can be combined to yield

C
-- = 0.35

M_R) 2

(37)
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where the ratio B is the better determined of the two values. For
MR 2

a homogeneous sphere, the two ratios in (37) should equal 0.4. If the

results are accepted at face _lue, then the moon is more dense in the

outer part than in the interior. Alternatively, there are errors in

properly subtracting the solar contribution to the secular motion of

perigee.

There are also difficulties in the geometric shape of the moon.

The mean radius of the visible circle of the moon's face is 1737.85

0.07 km. Alexandrov (1960) assumed the physical surface to be an

equal potential and then used the mean radius with the mechanical

elllpticities to deduce that the 3 radii are

a = 1738.57kin,

b = 1738.21 ]_n,

c = 1737.49 kin.

(38)

Observers generally agree that the center of the visible face of

the moon as derived from limb observations is about 1 km south of the

center of mass of the moon as defined by the motion of the moon in its

orbit. Recently, 0'Keefe and Cameron (1962) suggested that the geo-

metrical center of the moon's surface is actually 2.4 km south of the

gravitational center.

The observed values of _ and 7 differ from those corresponding to

hydrostatic equilibrium. For hydrostatic equilibrium, _Th = 0.000 037 5



an_ YTh" 0.000 O281. Th_s, the observed _ is almost IT tlaes as

....large_ as the theoretical _ and the observed V is _2 tlmes as large

as the theoretical V. This has suggested to Urey (1952, 1962) and

Ma_l_ (1961, 1962) that the moon is an elastic body capable of
o

supp6rting stress differences on the order of 20 bars. However,

Kopal (1962), _arguimg on the basis of a presumed analogy with the

earth, suggests that the inequalities in figure are the result of

convecti_currents in the interior. This point has been further

considered by Runcorn (1963).

; I

Jeffreys (1959) proposes that the departure of the figure from

equilibrium is due to the solidlfic_tion of the moon at a time when

it was much nearer to the earth. The present figure then represents

a frozen tidal wave. However, on the tidal wave hypothesis, the

ratio of Y/B is independent of the distance of the moon from the

earth and has a theoretical•value of 0.25. The observed ratio is

o.64. _nus, the present figure cannot be explained solely by Sup-

posing that the moon solidified when it was much closer to the earth.

There are further difficulties_posed by the thermal history of the

moon. If the moon were initially molten, a uniformly distributed

radioactivity only one-fourth that of chondrites would keep the moon

near or at the melting_point, ' In this case, the frozen tidal wave

could not be maintained.

,° :

B_cause of the tuncerLainties in the gravitational data, there is

no answer to the question of whettler or not the moon is differentiated.
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An experiment of first-order importance is the placing of a satellite

in orbit about the moon to determine J2" The indications are that

the moon supports stress differences of the same order as the stress

differences supported within the earth. This is consistent with a

finite creep strength for the material making up the moon.

Tides on the Moon

Both the earth and the sun produce significant tides on the moon.

If the moon were spherical, the effect of these tides would be to dis-

tort the sphere into an ellipsoid whose long axis is directed toward

the tide-raising body. The moon rotates once per month relative to

the line Joining the centers of the sun and moon and, therefore, the

long axis of the solar tidal ellipsoid rotates once per month rela-

tivm .to-_h_ _6i_ .flxed.within the moon; giving rise 't_ a-"predomlnantly

fortnightly tide similar to the semidiurnal tides on the earth. The

n_oon, however, does not rotate relative to the llne Joining the centers

of the earth and moon, but..wobbles about this •line with a range of

about 7 degrees. The tides due to the earth are, therefore, due to

two causes: the changing distance of the earth which causes the

ellipticity of the tidal ellipsoid to increase as the moon comes closer

to the earth and to decrease as the earth recedes; and the moon's wobble

about the line of centers. The relative importance of these effects

varies with position on the moon's surface. Close to points of inter-

section of the line of centers with the moon's surface the variation

of distance is the more important. The monthly variation of the earth-

moon distance is the most important factor leading to the large monthly

tldes.
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The response of the moonto the tide-ralsing potential can be determined

by evaluating the Love numbersfor the moon. In order to determine the Love

numbers, we require estimates of the density and rigidity of the moon's

interior. Since the moon's density is close to that of the upper part of

the earth's mantle, this suggests that the elastic properties should be

similar to those of mantle material. For a homogeneous,incompressible,

spherical body the Love numbersare determined by

qf R
:_ ; f =g P 19_ ' (39)h = 2f'+' i ' k 2f + i

where

g = surface gravity,

R = outer radius,

= rigidity,

(Love, 1927). If the density is taken as 3.34 and a rigidity of 7.4 x l0ll

-2
dyne cm _ is used, we obtain h = 0.0199, and the tidal gravity variation

h - _2 k) is increased by 3.3 parts in lO00 as compared(1 + with the

variation on a perfectly rigid moon. If the moon has an inner fluid core

with a core radius equal to one-half the outer radius then h = 0.0639,

k = 0.0384, and there is a change in the gravitational yielding of the

moon by 6 parts in lO00.

Because of the small dimensions of the moon, the additional deformation

due to elastic yielding is small compared with that of the earth. As a

result, the investigation of the mean elasticity of the moon using gravimetric

techniques is marginal.
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Seismic Activity on the Moon

The seismic exploration of the moon will yield valuable informa-

tion regarding the internal constitution. If the moon contains radio-

activity of the same order as the e_t'h, then the elastic energy built

up t1_ough differential heating and cooling will be released as moon-

quakes. At present, effort s have been concentrated on obtaining

estimates of the eigen frequencies for the free oscillations. The

long-period oscillations can be detected by a long-period vertical

seismcmeter and would be e_peclally v_Iu_ble in yielding information-

regarding the internal distribution of elasticity.

Computations on the expected spheroidal oscillations of the •moon

have been carried out by Bolt (1961) and Takeuchi, Saito, andKoba_shi

(19_1). Takeuchi, Saito, and Kobayashi'sresults are listed in Table

XVwhere the model of the moon is taken to be homogeneous and having

the elasticity of the upper mantle of the earth.

MacDormld (1960) determined the averagerate of increase of the

principal stress differences for several thermal models of the moon.

This increase was on the order of lO bars per million years. Using

this figure, MacDonald estimated the average rate of release of strain

energy assuming a finite stre_th for the lunar materials. The rate

of increase of strain energy will be a maximum when the stress dif-

ferences are on the order of the strength. For a strength of lO0 bars,

the maximum stray energy perunit volume is on the order of 1.4 x l_

erg _n"3 The rate of release of strain energy by failure at lOObars

i •



TABLE XV

Computed Periods of the Spheroidal Oscillations of the Moon

(after Takeuchi,Saito and Kobayashi, 1961)

Order Period_ Order Period

(minutes) (minutes)

2 14.7 6 5.5

3 9.9 7 4.8

4 7,7 8 I_.3

5 6.4 9 3.9

i0 3.6

109
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maximumstress difference will be on the order of 4 x 1024 erg year -I

At present, the moonshould have a high degree of seismic activity

unless the radioactivity is concentrated in a thin layer near the

surface or unless the radioactivity of the moonis far less than that

of chondritic materials.

The degree of calculated seismic activity varies amongmodels of

the distribution of heat sources with depth. In the models studied_

the greatest release of strain energy is at a depth of I00 to 700 _n.

The assumption of deeply buried radioactivity implies a deep foci for

lunar seismic disturbances. From such calculations it can be seen

that the observation of the average rate of seismic activity on the

mooncan be used to obtain an estimate of the radioactivity and, pos-

sibly, the distribution of radioactivity within the moon.

Thermal Constitution of the Moon

Thermal Radiation from the Moon

Baldwin (1961) has made a study of the thermal radiation of the

moon at radio wavelengths in order to limit the possible heat flow at

the moon's surface. High-frequency radio and infrared emission deter-

mines the temperature at and within a few centimeters Of the surface.

The longer-wavelength radiation arises fr_n greater depth and, in com-

bination with the observations at higher frequencies_ permits a

determination of the difference in mean temperature. The uncertainty

in the physical constants does not allow an accurate estimate of the

depth from which the lower-wavelength radiation is emitted. Baldwin
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observed at 168 ce_tlmeters and estimated that the depth of penetra-

tion _is greater than 25 meters.

Baldwin, using various estimates of the thermal conductivity,

gives an upper limit to the heat flow of i - I0 erg cm "2 sec -I. The

present rate of heat production in a moon having a chondritic composi-

tion would be 3.7 x 108 erg sec"I, which is equivalent to an equilibrium

surface heat flow of 9.6 erg cm"2 sec -I The extreme upper limit of

the heat flow obtained from the study of radiowave emission is con-

sistent with the assumption of a chondritic moon; on the whole, a lower

heat flow is indicated.

r

Calculations on the Thermal History of the Moon

Urey (1952, 1957,1962), Levln(1960), aadMacDonald (1959h, 1962)

have carried out extensive calculations regarding the distribution of

temperature within the moon. The calculations are similar to those

described in the preceding sections for the earth. The presentthermal

state Of the moon is determined by the distribution of radioactive

elements, the initial t_nperature, and the manner in which heat is

transported. Kopal (1962) argues that convection is required to remove

the heat from the earth's interior. Kopal's arguments are based in

part on analogy with _resumed conv_ction within the earth and, as has

been discussed above, the fact that it is unlikely that convection

plays an important role in the thermal balance of the earth.

A large number of models of the moon have been constructed in

which the radioactivity is uniformly distributed and different thermal
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parameters have been assumed(MacDonald, 1960, 1961). Figure 28 shows

the result of one such calculation in which the total radioactivity of

the moon is equal to that of chondritic meteorites and is uniformly

distributed throughout the moon. In addition, the melting points of

diopside and iron are shown. As has been discussed earlier, the melting

point of a complex multi-component system will certainly lle below the

melting point of the pure components. The close approach of the melting

curve to the diopside melting point shows that much, if not all, of the

moon would be molten at the present time even if the assumed initial

temperature is very low.

The fact that the thermal constitution of the moon differs from

that of the earth for the same radioactive heat source can be readily

understood. The outstanding feature of the temperature-depth curve

for models of the moon is the shallow depth at which melting points

are reached or exceeded. Since the moon is a relatively small body,

the central pressure is low; on the order of 46,000 bars. The low

central pressure does not markedly raise the melting point of the pos-

sible constituents. The thermal conductivity is sufficiently low so

that only the outer portions of the moon are cooling to any extent.

The combination of these two circumstances results in the close approach

of the melting point curve in the calculated temperature distribution

as is illustrated in Figure 28. In the earth, the rate of increase of

pressure with depth is much larger, and raises the melting point with

the result that the earth's mantle is solid.
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In a homogeneous moon,' the melting temperature of sillcates Is

approached or exceeded provided the moon has a composition of chondritlc

meteorltes. The assumptions of Chondritlc radioactivity and Inhc_ogenelty

are then inconsistent with the astronomical data on the flgure of the

moon provided these data are interpreted In terms of internal strength.

There are two possible solutions:

l) The total radioactivity of the moon is less than that of

chondrlt ic meteorites.

2•) The moon is a differentiated body in which the radioactivity

is concentrated toward the surface. (See Figure 29)

Both of these alternatives have been noticed by Urey (1957) and he has

carried out calculations on the effect of a lower radioactivity.

Flgure SO_shows..the _ef_ect ,Qf _Ow.ering the total radi0aC_ivity on

the maximum temperature. The radioactivity is assumed uniformly dis-

tributed. In this case, the maximum teml_rature is reached at the

center of the moo n. _e central t_perature iis plotted as a function .....

of the fraction of chondrltic radloactivity maintaining the chondritlc

ratio among the heat-producing elements. If the initial temperature

is zero, the central t_nperature lies below the melting t_nperature for

a total radioactivity equal to that of chondritic meteorites. An

initial temperature of 1200°C requires that the radioactivity be less

than 0.4 that of chondritic meteorites for the present central tempera-

ture to lie below the melting point of diopside. As has been noted

aboTe_ this is an upper limit to the possible internal temperature and

the actual concentration of radioactivity would have to be on the order

of 0.3 that of chondrltlc meteorites.
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An exper_nent of first importance in the investigation of the

moon's interior is the determination of the outflow of heat. Figure

31 shows the surface heat flow as a function of the depth of bt_i_l

of heat sources, assuming chondritic radioactivity and an initial

temperature of 600°C. Two values for the opacity are shown and these

indicate that the detailed assumptions regarding the thermal conduc-

tivity are not of great importance in determining the surface heat

flow. If the heat sources extend to a depth of some 500 km, then the

surface heat flow is twice that of a model in which the heat sources

are located within the upper 70 kun. The near-surface concentration

of heat sources permits heat produced during the early stages of the

history of the moon to escape rather than to be trapped. If the heat

sources are buried to a depth of some 500 km, most of the heat is

reaching the surface.

The dependence of surface heat flow on the amount of radioactivity

is illustrated in Figure 32 for two initial temperature distributions.

In these models, the radioactivity is assumed to be uniformly distri-

buted throughout the moon.

The hypothesis that the moon is differentiated provides a solution

to the discrepancy between its figure and the inferred high temperat_ure

of a moon of chondrltic composition. O'Keefe and Cameron (1962) argue

that the surface featt_res of the moon do indeed indicate a differen-

tiated body, since the irregularities in the topography are in isosZatic

equilibritun. Kopal postulates that the excess heat is removed by con-

vection currents.
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T_e principai argument against large-scale convection within the

moon is based on the absence of faults showi:_ a transverse displace-

ment. The moon's surface is covered by circular craters and. linear

features. As yet, no evidence has been produced thatthere has been

large-scale horizontal displacement of these features. As a result,

it is unlikely that convection plays a major role in establishing the

thermal field within the moon.

An alternative supposition is that the radioactive element com-

position of the moon differs from that of the chondritic meteorites.

This hypothesis is strengthened by the fact that the density of the

moon is appreciably less than the density of chondritic material.

Much of the tuacertalaty._concerning the moon's .interior is a

reflection of the uncertainty regarding the interl_retation of the sur-

face features of the moon. Baldwin (1962) has presented a detailed

review of current thoughts regarding the nature of the lunar surface.

Most workers would agree that many of the superficial features are due

to meteorite bombardment. There remains the question of the nature of

the surface that was bombardedby the meteorites. A possible answer

is provided in calculations carried out by MacDonald (1960). A moon

of chondritic compositionwould initially expand at a rapid rate, with

the radius changing some S kmduring the first 109 years. Dua_ing this

epoch, tension fractures would form and material at depth wo1_d melt

provided that the accumulation process left the moon at a temperature

on the order ofC:_O ° to lO00°C. 'The partial melting of ehondritic
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material would produce magma of basaltic composition which would rise

through the fractures to the surface. In this way, a crust of a few

kilometers of basalt could form while the bulk of the interior would

never be completely molten. Thus, if the moon does indeed have as

high a concentration of radioactivity as that of chondritic meteorites,

then one would expect a crust of a few kilometers composed of basaltic

material overlying more mafic rocks with a composition intermediate

between basalt and dunite. Granite or other siliceous rocks would not
/

be expected since, on the earth, these rocks are the result of a long

sequence of processes involving erosion, sedimentation, and remelting

associated with continent formation.

The Moon' s Ma6netlc Field

The flight of Lunlk II demonstrated that the surface field of the

moon on the sunlit hemisphere was less than lO-3 gauss (Dolginov, et

al., 1961). This observation is consistent with current views regarding

both the origin of planetary magnetic fields and the internal constitu-

tion of the moon. The low density of the moon implies that the moon

cannot have a metallic core of significant dimension. Since current

theories of planetary magnetism require a fluid, conducting core, there

is no reason to expect that the moon should have a magnetic field.
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IV_ INTERNAL STRUCTUSE OF MAP_

Introduct ion

The mass of Mars is well determined by the orbital constants of

the satellites, Fnobos and Deimos. The density is uncertain because

the diameter of the solid is disputed. The orbital constants for

Phobos and Delmos •also provide an accurate value of C i A. The ratio

can be converted into an estimate of the moment of ine a C provided

hydrostatic equilibrium is assumed. The problem Is then to construct

a model of the density distribution within the planet such that the

variation of density yields the observed mass and moment of inertia.

Without a definitive value for the radius, the problem is open and

there are a number of possible models •of the density distribution

within Mars. In particular, it is not clear whether or not we should

expect Mars to have an inner core.

Geometric Figure of Mars

Urey (1952) has discussed the difficult problem of obtaining the

radius of the solid surface. Rabe (1926) obtained a value of 3415 km.

This value Is usually interpreted as the correct visual radius. Later

workers showed that Mars had different diameters for light at different

wavelengths. Trmmpler (1_26) found that the diameter in yellow light

is 3310 km and obtained a value agreeing with that of Babe for white

light. Dollfus (1952) made another attempt and arrived at a value 25

km greater for the radius. Camlchel (1954), in a detailed study,

obtained results which appear to confirm Trumpler's value for the radius

of the solid surface. Recently, Dollfus (1962) has again investigated
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the problem of the geometric figure. He obtains a mean radius of 3382

l_n, but there is an uncertainty on the order of 30 km due to the dif-

ficulties in interpreting the effects of the atmosphere. Table XVI

summarizes the radius and mean density for Mars obtained by the princi-

pal investigators.

Optical observations on the disk show a consistent difference

between the polar and equatorial diameter. This difference appears

to be greater than the errors in the observations. Dollfus (1962)

obtained a difference in polar and equatorial radius of 40 kmwhich

corresponds to an optical flattening of 0.0017. Whether this optical

flattening refers to the solid surface or not is a matter of dispute.

As we shall see, it is impossible to interpret this flattening in

terms of the internal constitution.

Gravitational Field

Using Dollfus' value for the radius and Woolard's (1944) study

of the motion of Phobos, we obtain J2 = CM_A2 = O.OO197_where R is

the equatorial radius. This value is observed and does not depend on

any assumptions about the attainment of hydrostatic equilibrium within

the planet. Assuming that the planet is indeed in hydrostatic equili-

brium, it is then possible to calculate a flattening of 0.0051 (see

Equation 8), and from the flattening obtain a value for the polar moment

of inertia (see Equation 7). Both the dynamical flattening and the

moment of inertia depend on the assumption that the planet is in hydro-

static equilibrium.



TABLE XVI

Radius and Mean Density of Mars

Reference Radius MeanDensity

g cm-3

Rabe (1926)

Trumpler (1926)

Dollfus (1952)

mnms (1962)

3415

331o

3335

3382

3.84

4.21

4.12

3.98
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_ihe flattening obtained from dynamical considerations is less

than half the flattening derived from optical observations. The

explanation of this difference is critical to the understanding of

the internal constitution of Mars. We first consider whether the

discrepancy could arise frc_ the internal strength of the planet.

The critical quantity in the argtunent is the maximum stress difference

which the planet _Mars can support. The magnitude of the irregularities

in the gravitational _ield will always be limited by the strength of

the material which supports the implied density _nhomogeneities. The

dimensions of stress (force per unit area) are ML'IT _2. Since the

gravitational constant (dimension LSM'IT "2) is the same everywhere,

time must scale between two planets as M'I/2L 3/2. Substituting this

time-scaling in the stress-scaling yields _L "4 as _the scaling law for

the_.planar ...._ a.,gi.ven,stAremgth,._Marswill support.an._-in_usllty .in

figure (_/R_4)/(MC_2/R_ 4) times as large as the earth. Substituting

numerical values, we show that Mars will support inequalities in figure

6.8 times as large as that ion the earth provided that the basic straDgth

of the materials within Mars is the same. The earth supports a devia-

tion AJ2 that is 1.11 per cent of the equilibrium J2" For Mars, this

implies that the internal strength could support a flattening as large

as 0.0053. Even if the material within Mars were ten times as strong

as that of the earth and thus capable of supporting stress differences

on the order of 20,000 bars, the maximum flattening that could be sup-

ported would be about 0.007. All these values are substantially lower

than the observed flattening_of O.0117. A major mystery is thus the

origin of the optically observed equatorial bulge.
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Density Distribution within Mars

The construction of a density model for Mars requires the assump-

tion of a surface density and s law of the variation of density with

pressure. In order to meet the requirements provided by the total

mass and the moment of inertia calculated on the basis of hydrostatic

equilibriumj an additional _legree of freedom is required. Jeffreys

(19B7) suggests a chemically distinct core in analogy to the structure

of the earth. The free parameter to be determined for a given s_face

density is the core radius. In addition, the laboratory data an_ an

interpretation of the structure of the earth's mantle suggests that

phase transitions and major changes in density take place in silicates

at pressures on the order of 1.0 x lO 5 - 1.5 x 105 bars.

MacDonald (1962) has carried out detailed calculations on the

possible density distributions for Mars, assuming that the equation

of state for the material is thst followed by materials in the earth's

mantle. The nature of the calculations is illustrated in Figure 33 in

which consistent values of the core radius and surface density are

shown as a function of the flattening. If the planet is in hydrostatic

equilibrium, the flattening is 0.0051 and the planet could support a

core of i180 km radius provided the surface density were 3-58. Similar

calculations have been carried out for other values of the radiums for

Mars. If the lower values of the radius for Mars are adopted, it

would appear that the only possible model consistent with the dynami-

cally obtained value of J2 is the one in which the surface density is

large, about 3.8 - 4.0 and where there is no large-scale chemical
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_nhomogeneity in theIfor_a_Of an"iHner metallic _c0re The difficulty

in accepting such a model _is that the surface density is large compared

with the density of the moon and chondrites.

Figures 3_ and 35 illustrate possible density models for Mars.

In both cases the possibility of a phase transition at pressures of

1.0 x 105 bars has been taken into account. The effect of the phase

transition places dense material toward the center. In both cases

only a small core is allowed.

From the studies of possible density models, MacDonald (1962)

concludes that Mars _has a s_ructure intermediate between that of the

moon and that of the earth° Differentiation has proceeded sufficiently

to form a small metric ,core,hurl the pr_pOrtlon of the _as_ withi_

the core is less than in the earth. The indicated high surface densi-

ties suggest that the metallic phase is still distributed throughout

the outer regions. _Ca_us_.Iof the low melting.point of the_eta!lic _

phase, this places a_restriction on the possible temperature distribu-

tions within the planets.

Thermal Constitution of Mars

MacDonald (1962) carried out detailed calculations on the pos-

sible temperature distribution within Mars assuming that the composi-

tion is that of chondritic meteorites. These calculations are shown

in Figures 36 and 37 for the parameters'given in Table XViI. The out-

standing feature of the temperature distribution is that if a chondritic
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TABLE XVII

Thermal Parameters for Mars Models I and III

Depth
km

Initial Temperature
°C

0

330

Io4o

175o

2000

23oo

-39

i00

4OO

7oo

8oo

910

Radius

Surface Temperature

(constant in time)

Radioactive Element Concentration

(g g-l)

Time of integration

Lattice conductivity

Density (uniform)

Heat capacity

Mars I

U= 1.1x lO -8

Th= 4_4 x io"8

K= 8.0x 10-4

4.51 x lO9 years

2.5 x 105 erg cm -1 °C-1

0,9 gcm

[!.46 x 107 ergs g'! °c'l

Final Surface Heat Flow

-2 -1
erg cm sec

for
-i

S = i0 cm

0 -1
c = i00 cm
o -1
e = i000 cm
O

17.0

12.5

12.0

Mars III

1.35 x lO"8

5.4o x lo"8

9.8 x io"4

Mars III

19.7

16.0

15.o
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radioactivity is asst_med, then the temperature exceeds the melting

temperature of iron in shallow depths. Chondrites contain 12 per

cent metallic iron. Y_ Mars were indeed of chondritlc composition,

the radioactivity wo_.d lead to the melting of the iron, the iron

would gravitationally differentiate to form a core composing about

lO per cent of the total mass of the planet. The resulting surface

density would be too low to account for the observed mass and moment

of inertia. It would lhus appear that the concentration of radio-

active elements within Mars must be less than that found in the

chondritic meteorites. The solution to the problem of the internal

constitution of Mars awaits a definitive value for the radius of the

solid body and a better understanding of the discrepancy between the

dynamical and optical flattening of the body.

Magnetic Field of Mars

The calculations liscussed above suggest that Mars contains a

small core containing about l0 per cent of the total mass of the

planet. This metallic core could provide a magnetic field. If

planetary magnetic fields result from thermally-drlven convection,

then Mars would be expected to have a magnetic field. The relatively

high rate of rotation of Mars would ensure that the field would be

primarily dipolar, oriented along the axis of rotation as in the case

of the earth. Alternatively, if planetary fields are driven by pre-

cessional torques, then Mars would not be expected to have a field

comparable in strength to that of the earth. The torques exerted by

the two small satellites are insufficient to transfer the needed

momentum.
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THE _AL S_UCTU_ OF V_US AND M_CU_Z AND _E ROTATION OF TEE

PIANETS

Introduction

Little can be deduced about the internal structure of Venus and

Mercury. Smith, et al., (1963) have shown that the magnetic dipole

moment of Venus is at most i/i0 to 1/20 that of the earth. This can

either be interpreted in terms of the internal constitution of the

planet or in terms of the theory of the origin of the magnetic field.

Mercury has an anomalously high density, the origin of which is n

understood.

i

Both Mercury and Venus rotate at a rate comparable to their

orbital periods. This low rate of rotation may indirectly provide

informatlen _about th_ thermal condi%ions _within the planet. • The

argument is based on the observation that the rates of rotation of

six of the planets are remarkably similar despite major differences

in orbital characteristics, masses, and moments of inertla. This is

illustrated in Figure 38j where the density of angular momentum is

shown as a function of mass for the planets. Venus and Mercury show

a large deflclency In angular momentum compared to the major planets

and Mars. The earth also shows a deficiency in angular momentum for

its mass. The earth's deficiency can be understood in terms of the

tidal deceleration which the earth has experienced due to interaction

withthe moon. The uncertainties In ar_ular momentum indicated in

FigL_e 3_) reflect both the u_certa_nties in the angular velocity and

in the moment of inertia. Recent radar studies (Pettengill, et al.,
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1962; Goldsteinand Carpenter, 1963) show that Venus probably rotates

in a direction opposite to that of the earth at the rate of only one

revolution in 240 days. The rate of rotation of Merc_y is uncertain,

but what evidence there is points to a period about equal to the

orbital period (Russell, Dugan, and Stewart, 1945)_

Rotation of Venus and Mercur_

Imt us suppose that the initial angular momentum of Mercury and

Venus is appropriate to the mass as given by the straight line in

Figure 38. In this hypothesis the present angular velocity of Mercury

and Venus are the result of tidal interaction with the sun. Jeffreys

(1959) shows that the rate of change in the angular velocity of rota-

tion is proportional to the sixth power of the apparent diameter of

the planet as seen from the sun and to sin ¢ where ¢ is the phase lag

of the solar tide. The rate of change of angular velocity of Venus

due to solar tidal interaction is about 7 times as great as that of

the solar retardation of the earth provided the phase lag on Venus

equals the phase lag on the earth (see Table V). With equal phase

lags, the present rate of deceleration of Venus is nearly equal to

the deceleration of the earth under the combined influences of the moon

and the sun. In the past, the tidal deceleration of the earth was

greater because of the closer approach of the moon. If Venus indeed

had an initial angular momentum density on the order of lO 13 am2 sec'lj

then its present angular velocity can be accounted for only if the

rate of tidal dissipation is greater within Venus than within the earth.

In the earth, the tidal dissipation takes place both within the body of
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the earth and in the oceans (Munk and MacDonald, 196Ob). The solid

dissipation is due mainly to internal friction (Ku0poff and MacDonald,

1958). At temperatures near or at the melting t_nperatur_, other

mechanisms (creep, elastovlscosity) become dominant. If there are

largeregions within the interior of Venus near or at the melting

point, then tidal dissilmtion would be greater than on the earth. A

mixture of molten and solid silicates would be particularly effective

in dissipating energy since the energy loss would be through direct

viscous interaction

Thermal Structure of Venus

The observed angular velocity of Venus m_y be explained by

supposing that the t_nper_tures at depth within the planet •are

closer to the malting point, than the _tura_ _ithin the _earth.

It appears, likely that in the earth the t_nperature comes closest

to the melting temperature at depths on the order•of lO0 to 200 kin,

but below this depth the t_mperatures may be well below the fusion

temperature. The pressure at a given depth in Venus Is probably only

a few per cent less than the pressure at the same depth within the

earth. The melting temperatures of silicates at a given depth in

Venus will be approximately equal to the corresponding melting tmm-

peratures within the earth. If the concentration of heat-producing

radioactive elements within Venus is_ similar to that in the earth, the

actual temperature at a given depth in Venus should be higher than the
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earth. Extensive observations of microwave emission spectrum from

Venus show that the spectrum is flat between 3 and 21 centimeters and

corresponds to a brightness temperature of 600°K (Mayer, 1961). These

ground-based observations have been substantiated by the flight of

Mariner II (Barath, et el., 1963). If this high surface temperature

has been maintained for a reasonable fraction of the history of the

planet, then the ir_ternal thermal conditions will be affected in a

major way. The higher surface temperature on Venus implies that at

the same depth the temperature in that planet will be higher than in

the earth.

The possible thermal structure within Venus is illustrated in

Figures 39 and 40. Basic data for these calculations are given in

Table XVIII. The principal result of the calculations is that for a

surface temperature of 600°K the temperature at a depth of 200 km is

sc_e 200 ° higher than in a model in which the temperature is 300°K.

The low rate of rotation of Venus is compatible with a model in

which a substantial fraction of the planet is at or near the melting

point. The high surface temperature combined with a radioactive com-

position equal to that of chondritlc meteorites would provide a con-

sistent model. The evidence is sketchy, but present-day data are

consistent with the hypothesis that the radioactive chemical compo-

sition of Venus and the earth are similar, but that the high surface

temperature of Venus has raised the temperature at depth above the

melting point of silicates.
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TABLE XVIII

Thermal Parameters fo_" M,__;_I_ of Venus

Initial Temperature

(,uniform)

Surface Temperature

(constant in time)

Radioactive Element

Concentration (unlfo_)

Venus I = :_,..,,o,,_u_,_

300°C

U 1. l x l< ,''<' g -_,"

Th = 4.4 x iO -8 g g-1

K _ 8.0 x i0-* g g

Venus II = 500°C

Time of integration

Lattice conductivity

Density (uniform)

Heat capacity

4.51 x 109 years

5 -L -Z -, -l
2.5 x iO" ergs c_ -_ec _C -

-3
4.0 g cm

1.3 x lO7 ergs g-i OC-i

Final Surface Heat Flow

(ergs cm"2 sec"l)

for

-i

CO = lOem
-i

S = lO0 cm
o -i

¢ = i000 cm
o

Venus I

l?.2

l?. 7

z6.7

Venus Ii

14.}_

z4.6

l_.O

129
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Interior of Mercury

Inferences regarding the internal structure of Mercury are even

more uncertain. The solar tide acting on Mercury is about 50 times

more effective than the combined lunar and solar tides acting on the

earth provided that the phase lag is the same. If Mercury had an

initial angular momentum density proportional to its mass (see Figure

38), the time required to reduce its rate of rotation to the present

value is long compared with the age of the solar system if the anelas-

ticity of Mercury is equal to that of the earth. On the hypothesis of

an initial angular momentum density equal to that of the other planets,

we would require that either:

i) Mercury was initially molten and during this early time its

period of rotation and revolution were equalized by solar tidal

friction3 or that

2) the present thermal state of Mercury is such as to allow a

much greater dissipation of energy than in the earth.

The thermal conditions within Mercury are most uncertain. The mean

density makes unlikely the hypothesis that the radioactive composition

of Mercury is similar to that of ehondrites. Indeed, it would seem

that Mercury is largely metallic and if this _'s the case then a lower

concentration of radioactive elements is indicated. Since the effect

of pressure on the melting point is far less in a planet the size of

Mercury than in larger bodies such as Venus and the earth, a lower

concentration of radioactive elements, i/3 to 2/3 that of the earth,

would still make Mercury largely molten at present.
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The Ma6netic Field of Venus ....

The observations of Mariner II show that the dipole moment of

Venus is at most 1/10 to 1/20 that of the earth. This observation

can be explained either by supposing that:

l) Venus has no metallic core.

2) The origin of the field is precessional.

.-%) The field has a low dipole component but does contain higher

order mon_ents.

l_jpc_thes_s (1) is unlikely since the mass and dimensions are so similar

to that of the earth. The thermal structures considered above would

require that any iron present on tho planet would segregate into the

interior. The lack of a magnetic field may indicate the possibility

of the precessional origin of the earth's field. Precessional torques

acting on Venus are minute.!compared with those of th6 earth since the

precessional torque is proportional to the square of the angular velo-

city. The third possibility cannot be ruled out. A field containing

high-order moments in a non-r0tatlng p'la.netwould not extend as fray

out into space as a dipole field and perhaps wou!.d have gone undeteated

by _rlner •

b
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THE ESCAPE OF HELIUM FROM THE EAPTH_S ATMOSPHERE

Gordon Jo Fo MacDonald

Institute of Geophysics

and Planetary Physics

University of California

Los Angeles, California

ABSTRACT

The rate of influx of helium h from the earth's crust _nto the

2 -i.
atmosphere is about 2 x 106 atoms cm ® sec The avera%e rate of

thermal escape averaged over the last solar cycle is 6 x _0_ atoms

_2 =i
cm sec The present_bundance of helium in the atmosphere would

accumulate in about two million years. Either some nonthe:rmal

mechanism permits at present a greater rate of escape of helium or

the rate of escape has varied in time° This paper is concerned with

an examination of possible changes in the escape rate due to variati.on_

in the earth's magnetic field. Problems associated, with the hea_

balance in the upper a_mosphere are r_eviewed. Statistical analysi._

of drag on satellites and solar decimeter flux establishes tb_t the

2Y-day variation in atmospheric density results from fi.uc'tu_tlens in

.tneiutensity off the solar wi.nd. It is considered, likely that. a neai

_ource over and beyond that provided by ultraviolet radiation i_

required to account for both the day-night variations in upper

atmosphere densities and the 27®day variation° Various mechanisms

_>y which energy density in the solar wind can be transferrea into the

_pper at.i_ospbere are cor, sidered. _t _s suggested t.ha_, ifi ,he addi*_!o_e_
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heat source is indeed due to the solar plasma, historical fluctuations

in the earth's magnetic field Could result in a greater escape rate of

helium. The establishment and identification of the additional heat

source is necessary for a full understanding of the escape of helium.

The terrestrial economy of helium 3 is reviewed. The contribution

by solar cosmic rays to the abundance of helium 3 remains a major

-2 -i
problem. The rate of influx of helium 3, about lO atoms cm sec is

greater than the escape rate averaged over the last solar cycle,

about 4 atoms cm"2 -1sec , if solar cosmic rays contain about lO

percent helium 3.



Io INTRODUCTION

Bates and McDowell (1957, 1959) :first suggested that helium

(He 4) in the atmosphere is not in equilibrium, bat that instead the

current rate of influx exceeds the escape fZUXo Better estimates

of the generation rate have been obtained in recent years, and detailed

investigations of the upper atmosphere provide improved limits on

the rate of thermal escape. These near data clearly show that at

present the rate at which helium 4 is supplied to the atmosphere

greatly exceeds the rate of thermal escape. Bates and McDowell (1957)

tentatively suggested that at some time in the past the escape race

was greater and pointed to the possibility of changes in the solar

flux. Bates and Patterson (1962) made an alternative suggestion that

helium is now in equilibrium but that the escape is nonthermal_ involving

the dissociative recombination of HeO+.

Nicolet (1957) demonstrated that thermal escape could not account

for the observed abundances of the two isotopes of hellum_ He 4 and

He 3. If the temperature were high enough co account for the loss of

He4, then He 3 would be removed at arate far in excess of its production.

If He 3 escapes thermally andis in equilibrium, then He _ remains trapped.

The implication of Nicol.et_s (1957) study is that either steady equilibrium

does not hold or there _.s scme nonthermal process removing helium from

the atmosphere.



The escape of hetiam is a complexproblem, and despite advan,-_es

_there are manymore problems than there are answers. The complexity

requires a review of manyaspects of geophysics. The escape problem

forms a framework in which a numberof fascinating aeronomical problems

can be examined.

The rate of thermal escape of helium is a delicate function of

the temperature at the escape level. Thislevel, defined as the

height at which the meanfree path of helium becomeslarge compar'ed

to its scale height, is at 500_600km. Small changes in the input of

energy to the tenuous gas at high altitudes will makea large difference

in the effective temperature. It is knownthat the ultraviolet flux,

which largely determines the temperatures at these heights_ does under_

go Changeswith the solar cycle, and there maybe longer_period

_u_tuatlon_.

It is also knownthat the earth's magnetic field undergoes a

v_riety of fluctuations. Indeed, of a_l in_ernai :fields, it is the most:

changeable. The nondipole part of the field undergoes long_,period c_]anges

_ith an average value of 5 x lO _h gauss year -l and maximum .ra_es of'

cna_e of 1.5 x 10-3 gauss year_lo The dipole field has changeG over

the past; century at an average rate of 3.5 x iO -5 gauss year _i_ _nich

implies that if the field changed linearly with time then _en thousand

years ago the field was twice its _urrent value° Indeed, studies of

_e_mant magon_tism in Roman ceramic objects suggest a f_eld with twic_
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the present intensity only two thousand years ago (Hide and Roberts_ 1961).

These relatively rapid changes, combined with the controversial paleo-

magnetic evidence of a changing field on a geologic time scale, raise

the problem of the effect of the magnetic field on the long-term stability

of the upper atmosphere.

The long-term stability of a planetary atmosphere will certainly

be influenced by variations in solar ultraviolet flux. The magnetic

field may also influence the composition of the atmosphere at high

altitudes. The effects of the changing solar flux can be treated in

a relativelystraightforward fashion. The influence of the magnetic

field is complex and requires detailed examination. It is clear that

on the earth an_escapingneutral atom passes through the upper atmos-

phere much too fast for it to be ionized and trapped by the field. On

the other hand, the magnetic field shields the upper atmosphere from

the low-energy solar plasma and prevents this potential heat source

from reaching it. The magnetic field also interacts with the solar

plasma, and this interaction gives rise to hydromagnetic and elec_ro_

magnetic waves that may in part determine the thermal conditions near

the escape layer. In addition, the interaction may produce energetic

electrons which enter the magnetosphere to deposit their energy in

high-latitude regions. The shielding by the field also influences

the accretion rate; this rate is important in a consideration of _he

_nomy of helium 3 and tritium.



The atmospheres of Venus and of the earth present two contrasting

examples of development° At present, it is widely believed that the

earth's atmosphere has evolved gradually through geologic time (Rubey,

1951, 1955; Holland, 1962). The continued exhalation of the gases from

the earth's interior results from gradual heating of parts of the earth's

interior. The rate of exhalation is controlled primarily by the internal

thermal processes, which are as yet poorly understood. The internal

structure of Venus is similar to that of the earth (MacDonald, 1962).

The two planets have approximately the samelinear dimensions and

approximately the samemass. The bulk chemical composition of the two

planets thus cannot differ to any great extent. It is also likely

that the radioactive composition is similar. Thus, it is probable

that Venus and the earth have had similar, though not necessarily

identical, thermal histories. If this is so, there is no reason to

expect that the gases, and particularly the rate at which the gases

have been supplied to the outer surface of Venus, should differ from _he

rates tha_ have held on the earth. The fact that the atmospheres

apparently differ presents a numberof fascinating problems°

Onemarked difference between the earth and Venus is that the

magnetic field of Venus is weak comparedwith the earth and may be non-

existent (Smith, et. al., 1963). Is this striking first-order difference

between the two planets of possible importance in the divergent development

of the planetary atmosphere?
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The rapid advances in the understanding of the upper atmosphere

make profitable a r eview of the current state of the theory of the

escape of the atmosphere° Particular attention is given to the

possibility of changes of escape rates in the past° In Section II

we review _he constitution of the upper atmosphere. A detailed study

of atmospheric models is essential to the escmpe problem, since only

through the model is an estimate of the temperature possible° Data

on the drag of satellites provide reliable estimates of atmospheric

density from 200 km up to at least 1000 km_ These densities

can then be used as controls on calculated models of the atmosphere°

Construction of a model atmosphere would be impossible without

detailed knowledge of the nature of the solar flux, since it is this

flux that provides a major heat source° Rocket measurements of the

extreme ultraviolet taken during the past five years have greatly

clarified the position° The compositional models of the atmosphere

must remain most uncertain because of the lack of knowledge of the most

critical region within the atmosphere_ 100-200 kmo The convective

equilibrium changes into a diffusive equilibrium with large temperature

gradients. This region has only been perfunctorily explored by rockets°

Conditions assumed here fix in a large part the density_ composition_

and temperature of the atmosphere at greater altitudes. Despite the

uncertainties_ it appears from model studies that ultraviolet radia-

tion alone cannot account for the observed temporal variations in the

density of the high atmosphere. Further evidence for a heat source

in addition to solar radiation is found in the detailed comparison

of the variation of solar radio flux and drag°
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Section III reviews new data on the flux of the critical cons%itaen_s

into the atmsophere. It appears probable that particles emitted by solar

flares add substantial fractions of helium 3 and tritium to the atmosphere.

New studies on the chemical composition of natural gases permit a better

estimate of the rate at which important constituents enter the atmos_

phere through its lower boundary.

Section IV describes the current state of the theory of escape

from a planetary atmosphere. Considerable advances have been made

since the early work of Jeans. Furthermore, it is clear that an import-

ant factor in determining thelong-term stability of minor constituent, s

_s the rate at which a minor component diffuses through the major

components. The diffusion rate is complicated by the phenomenon of thermal

diffusion. A comparison of the present escape of helium 4 with productlo_

rates confirms Bates and McDo_ell's and Nicolet's conclusions about the

helium balance in the atmosphere.

In Section V the effects of the magnetic field are considered° A

strong field hinders the accretion and can influence the thermal balance.

1he additional heat sodrce referred to above may be due to hydromagne%ic

and electr0magnetic radiationresulting from the interaction of the solar

wind _th the magnetic field. If this is so, an increase in the past of

the field would have resulted in a greater interaction cross section off

t,hc earth with the solar wind an_ a higher upper atmosphere temperature.
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Alternatively, if no heat source over that provided by the ultraviolet

radiation is required, then a weakening of the field could have provided

a higher temperature in the past. A weak field would allow the penetration

of the plasma and the deposition of thermal energy in the upper atmosphere.

If the heating of the upper atmosphere is due entirely to ultraviolet

radiation, the disappearance of the field would result in a greater

rate of helium escape. Alternatively, if an additional heat source

involving the interaction of the field with the plasma is important,

then a strengthening of the field yields a higher escape rate. It is

argued that the strengthening of the field is more likely_ and theft over

at least lO percent of geologic time the field was at least twice its

present strength.

Section Vl summarizes the many problems associated with the helium

balance.

Because of the complexity of the subject, a guide to the organization

of the review may be helpful. The helium problem is considered explicitly

in Section IIl and the last part of Section IV. Sect_ns II and IV are in

the nature of a more general review of atmospheric constitution and can

be omitted by the reader interested primarily in helium escape. Section V

is a more speculative treatment of both heat sources in the upper atmos_

phere and of possible changes in these heat sources during geologic time.

Summaries of the longer sections (II and III) are provided.
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II° MODELSOFTHEUPPERA_MOSPHERE

Data Obtained from Satellite Dra6 Studies

As a satellite passes through the upper atmosphere it interacts

with the neutral gas. In colliding with the neutral particles the

satellite transfers part of its momentum. The rate of transfer of

momentum is greatest where the density of neutrals is high° Since

the density in the atmosphere is approximately exponential_ most of

the momentum transfer takes place when the satellite dips farthest

into the atmosphere. Observation of the secular change in the orbital

elements permits a determination of atmospheric density in the region

near perigee. Many studies have been carried out relating the

atmospheric properties to changes in the orbits of satellites; these

have been reviewed by_ for example, Harris and Priester (1962a),

Nicolet (1961a), Paetzold (1961), and King-Hele and Walker (1961)o

The determination of the absolute value of density at a given

height is complicated by the dependence of the drag parameter on the

mass of a satellite_ the effective cross section_ and the satellite_s

drag coefficient. Since all these parameters vary from satellite to

satellite, the absolute values of density derived from satellite

observation remain in doubt. For high altitudes above lO00 to 1500 kin,

there is a further possible complication that interaction with ionized

gas and the magnetic field may contribute to the drag. The separation

of the electromagnetic contribution from the drag of the neutral molecules

is difficult° A first attempt at confirming the density obtained from

drag observations by direct measurement was carried out by Sharp et al.

(1962) at 500 - 600 kmo They used a ribbon microphone and converted
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the observed ram pressure to densities° The values obtained agree

wellwlth those derived from orbits of satellites.

Though there is still some uncertainty regarding the absolute

densities at high altitudes, their time variation is now well established.

The spectrum of variations, though complicated, includes a strong llne

at 24 hours corresponding to a diurnal density variation. Priester

et al. (1960) showed that at 200 km the variation represented a few

percent of the mean drag. At 650 km the variation reaches almost a

factor of l0 (Jacchia, 1960; Priester and Martin, 1960; King-Hele and

Walker, 1960)o Sharp et alo obtained a day-night variation of

approximately a factor of 4 at 550 km.

High-frequency variations in the solar atmosphere are evidenced

by the behavior of satellites during solar events° The most dramatic

of these was the series of flares of November 1960 in which there were

rapid changes in the density of the upper atmosphere (Jacchia, 1961;

Groves, 1961; Bryant, 1961)o

The analysis of drag of various satellites also shows a peak in

the_pectrum centered around 27 days and correlated with the variation

in radio emission from the sun in the wavelength range 3-30 cm (Jacchia,

1958, 195R, 1960; Priester, 1961)o The striking correlation between the

radio flux and the variation in drag is illustrated in Figures 1-_.

Zadunaisky et al. (1961) carried out a detailed analysis of the orbit

of Echo Io The power spectrt_ of the Echo drag is shown in Figure 1
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for the period August 13, 1960, to January ll, 1961. There is a

definite peak at 0.037 cycle per day (27-day period) though the

spectrum climbs rapidly at the low frequencies. The very-low-

frequency variations have purposely not been filtered out, as Zilteriug

would exaggerate the 27-day peak. In addition, there is a peak a_

0.12 cycle per day corresponding to a period of about 8 days6 The

power spectrum for the time variations of the 20-centimeter solar

flux is also shown in Figure 1. Both the 27-day and the 8®day peaks

appear in the spectrum. Figure 2 shows the coherence between the

20-centlmeter flux and the drag. The coherence is 0.7 at the 2T-day •

peak and 0.6 for the 8-day peak.

Explorer 9 was a 12-foot balloon satellite launched specifically

to investigate the values of atmospheric drag° The orbital elements

for the interval February 17 to October 2, 1961, have been analy2_ed

in detail by Jacchia and Slowey (1962). The perigee height varied

between 640 and 753 km over the 7.5-month interval that _hey studied.

The power spectrums of the drag after removal of radiation pressure

effects isshown in Figure 3. The drag on Explorer 9 is highly

correlated (R2 = 0.87) with the variation of the lO.7_centimeter radio

flux (see Figures 3 and 4) at the 27-day period. There is some evidence

:for the 8-day period no_ed in the Echo 1 spectrums, but the peak is much

wea_ker.
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Though the solar decimeter flux is well correlated with changes

in drag, the solar decimeter radiation cannot be the physical cause of

the fluctuations, but is merely associated wlth the cause. The decimeter

radiation is generally attributed to thermal emission from condensations

in the solar corona. The variations in atmospheric density are thought

to be primarily the result of variations in the extreme ultravlolet

radiation. The ultraviolet radiation may arise from the coronal conden-

sations,since emission is probably due to cascades following recombination

on excited levels (Harris and Priester, 1962a).

If the changes in drag are due to ultraviolet radiation from

coronal condensations, the time interval between an event on the sun

and a variation in drag should equal the light transit time plus the

response time of the atmosphere. We will later show that the response

time is at most on the order of a few hours because of the short thermal

time constant of the atmosphere. Thus the variation of drag should

lag behind the fluctuation in decimeter flux by about two hours if

the heating is due to ultraviolet radiation.

A direct determination of the phase relations would require the

identification of a solar event and the measurement of the change in

drsg. The evaluation of drag requires determination of the change in

orbital elements, and an accurate determination requires a day's obser_

vation. An alternative scheme for determining the time delay is to

obtain a statistical estimate of the phase relations by measuring the
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cross spectrums between the drag and radio flux (see, for example_

Munk and MacDonald (1960) for a discussion of cross-spectral analysis)°

The phase angle at a given frequency then fixes the average time

interval between the arrival of the decimeter radiation and the

charge in drag°

Measurements of the cross spectrums show that at the 27-day

period the drag on Echo 1 lags behind the 20-centimeter flux by

32°; the drag on Explorer 9 lags by 31°o Thus at the 27-day

period +_ is a 56-ho'_ delay _+ ......+_o _mis_ _ _ _o_

radio flux andtheresponse of the atmosphere_

Neither set of statistics is particularly good, though those

from Explorer 9 are much better than those from Echo lo Goodman

(1957) shows that there is a probability p that the true phase will

lie within the limits e - AS and e + AS where

sin 2 A8 =
I - R2

R2

[(i - p)-21v,- 1"!

and where R is the coherence and v the number of degrees of freedom°

For Explorer 9 there are 8 degrees of freedom, so that there is one

chance in five that the true phase lies outside the interval of

20° to 40°, and there is less than one chance in a hundred that the

true phase is zero, provided that the errors are normally distributed°
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If no allowance is madefor the response time of the atmosphere,

the 56-hour delay corresponds to a straight line velocity from the
-i

sun of 750 km sec • Observations of the solar wind made on Mariner

2 (Neugebauerand Snyder, 1962) show a qUiet-time average velocity

during the interval August 29, 1962, to October 31, 1962, of 560

to 690 _n sec-lo

The phase lag determinations thus establish that the 2T-day

fluctuations in atmospheric drag are associated with the plasma

issuing from the sun° The long delay time rules out both ultra-

violet radiation and high-energy particles traveling directly from

the sun as the principal causes of the 27-day variation. The relative

wealanessof the statistical data is strengthened by the agreement

between the two satellites° The identification of the 2T-day fluc-

tuation in drag as primarily due to interaction of the upper atmos-

phere with the solar wind is important in later considerations of

heat sources in the upper atmosphere.

A similar analysis comparing drag on Echo and Explorer 9 with

the variation of geomagnetic K and A numbers shows that there is a

muchweaker correlation with geomagnetic activity°

The spectrum of drag variations Showspower both at lower and

higher periods than the 27-dayvar_ationo No single satellite has
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been up long enough to determine in detail long-period variations of

the solar atmosphere:it is clear that the ll-year solar cycle

does show up in the observations of satellites (Harris and Priester_

1962b; King-Hele and Rees, 1962)o Again, the density in the upper

atmosphere is correlated with the long-period changes in radio flux.

Construction of Numerical Models

Satellite orbits provide abundant information about the density

and its variations in the highatmosphereo However, there is as yet

_r_ I_+.+.Io _e_a_ about +-_= _ami_nl _nmp_nn T_l_ _h_

chemical composition is assumed, the density values cannot be con-

verted into temperature, and it is temperature that is of interest

in problems of atmospheric escape°

_ue _sual procedure is to compute a model of the atmosphere

based on diffusive equilibrium above a certain level. The model

can then be tested by comparing its predicted density with the densities

derived from satellite determinations. There are many difficulties

hampering such a procedure° The nature and distribution of the heat

sources are not well determined° It is not clear where the region

of convective equilibrium ends and diffusive equilibrium beginso

As yet, satellite investigations have not probed in detail the region

between lO0 and 200 km: yet it is in this altitude range that the

atmospheric parameters undergo the greatest change. As a result,
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values must be extrapolated through this region. Manyof the

parameters needed to describe the processes are based on incomplete

laboratory data or on uncertain theoretical predictions. Despite

these manydifficulties_ model atmospheres have been constructed

_a_ agree -" _ "'_÷_ +_ ___+_ and +_...__a_at_ons..... in densities

derived from satellite observations.

Before reviewing possible models for the upper atmosphere, we

first consider methods by which models are constructed° Thoughthe

physical'-_ principles _:a_* govern the _A__÷_..+__ __ _ +_ __+.tt.::_t.__._.____..._

in a planetary atmosphere are well known, it is essential to have in

view the numerous parameters that go into establishing the vertical

distribution of density, temperature, and composition°

It is usual to assume that the distribution of atmospheric

pressure with height (z) is according to the hydrostatic law,

dp/dz: - (i)

where p is the total pressure, g is the acceleration of gravity, and

p is the density: both pressure and density will be functions of

time as well as of altitude; g varies with height° Equation (1)

describes a static equilibrium.
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The density is a function of the number density or concentration

of the constituents n! and the molecular masses mi.

P _ Z mini (2)

i

It is assumed that the atmosphere behaves like a perfect gas with an

equation of state of

p = nkT (3)

where k is Boltzmann's constant (1.38 x i0 "16 erg deg'l)_ and T

is the absolute temperature. Total concentration n is

n = _ ni (14)

i

where the summation is over all constituents. From (3) we see that

the vertical variation of pressure depends on the local values of

pressure_ concentration, and temperature and on the gradients of

concentration and temperature,

p dz n dz T dz

Combining (5) with (i) we see that the concentration gradient depends

on the local values of temperature concentration and the gradient of

temperature,
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dn Znimi g n dT

d--_= k_ • dz (6)

Combining (6) and (4), we obtain the general law governing the

distribution of a given constituent with height in a static atmosphere:

1 dni mig 1 dT
-- (7)n. dz kT T dz

l

Integration of (7) yields

ni(Zo,t)T(z o,t) r rz mig (z) 7

ni(z't) = T(z,t) exp !- J kT(z,t) dzJ (8)
Z
O

where z ° is some reference height usually taken as the height at

which diffusive equilibrium begins.

The variation of the gravitational acceleration with height

is given by

g(z): go(Zo)r_oI(_o+ z).G2 (9)

where go is the value of the gravitational acceleration at a reference

height zo which is at a distance R o from the center of the earth°

The concentration of a given constituent depends on the local

temperature T(z,t) and on an integral involving the temperature
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distribution between z0 and z. The distribution of temperature thus

enters critically into the variation in concentration of a given

constituent. The concentration ni (z,t) also depends on the

concentration of the constituent at z0 as well as the temperature

at this reference height. The reference height is usually taken to

be equal to the height at which diffusive separation commencesand

below which convective mixing prevails. A problem of importance is

the determination of this level and a description of the gradation

between convection and diffusion. In general, the concentration

and temperature at the reference level will v__rywith t_me.

In a time-varying atmosphere, heat can be transported both by

conduction and convection. The vertical transport of heat due to the

massmotion resulting from changesof density adds a complication, and

we will wish to evaluate the contribution of convection to the total

thermal transport. In considering the thermal balance, we will

neglect the heat flow caused by the concentration gradients _ (Dufour

effect) as we also neglected the flow of matter caused by a temperature

cradient in deriving (8). Wewill return to the effects of thermal

diffusion when considering the motion of a minor constituent such as

helium or hydrogen through the atmosphere.

The equation for the concentration of entropy s is

as/at ---q/'m (lO)
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where q is the net accession of heat (erg:g -I sec -I) (Eckart,

1960)o We wish to transform (lO) into an equation for temperature°

From thermodynamics the vertical gradient of temperature is related

to the equilibrium density and entropy gradients by

L 1 d' I L I 1 as L )T d-_ q 'nkd-z" q
, (ii)

where y is the ratio of the specific heats. The ideal gas law has

been used in obtaining (ll)0 The equilibrium gradients appearing in

(ll) are independent of time.

The temperature, density, and entropy can be written as the sum

of the equilibrium values plus a time-varying quantity that is assumed

to be sma_, The validity of such perturbation expansion must, of

course, be examined critically. In general, the time-varying

quantities, T1, Pl' Sl# will be functions of the horizontal coordinates

as well as the vertical coordinates,

T(z,t): Teq(Z)+ Tl(z,t)+ ooo

p(z,t): Peq(Z)+ pl(z,t)+ o'°

s(z,t)--Seq(Z)+ si(z,t)÷ o''

(,__2)
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Again_ we will wish to examine the effects of the horizontal gradients

on the thermal balance, and it will be shown that these are relatively

small. Equations (lO), (ll), and (12), together with the expression

for the conservation of mass,

( p/Bt) + o (13)

yield

_TI _

8t _z - _J_eq _z cv
04)

w is the velocity in the vertical direction, and cv is the specific

heat at constant volume. Equations (13) and (14) are valid only if

the mo%ionis strictly one-dimensional along the vertical coordinsteo

Accession of Heat

The net accession of heat q is made up of a munber of terms° Heat

can enter a volume by ordinary thermal conduction° Viscous dissipation

associated with the motion can contribute to the net accession° In the

upper atmosphere the principal source of heat is that due to radiation

from the extreme ultraviolet, and there are radiative cooling effect_o

We first consider the heat due to conduction. Heat transported

into a unit volume by ccnduction is given by
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oqc (.:-. _ ....,,:,_.....

where K _.s _e therrJai _-onductivity. The thermal conductivity of a

dilute gas is related to the viscosity _ of the fluid by

K = fu,cv (16)

(Chapman and Cowling, 1939), where f takes on a numerical value of

aoout 2.5 for a monatomic gas and about 1.9 for diatomic molecules°

The kinetic theory of gases shows that the coefficient of viscosity

can be written as

!

l_/mkTh 2 i l

where m is the a_omlc mass_ 8nd d is the atomic radius° Table I

lists the values for A where the thermal conductivity is written

in the form

In a multicomponent system the total conductivity can be written as

and a similar e×fression holds for the viscosiiy of a mixture.



//

Ee

0

TAR_E I

A

(erg em"t -l.
see

2.1 x 10 3

9.0 x 102

3.6 x 102

1.8 x 102

(erg see

B

-1
_e_" _-/_)

6.8 x Io'6

i.i x 1o -5

i.9 x io'5

1.3 x 10 -.5



- 25 -

The magnitude of the vertical velocity can be estimated from

the conservation of entropy equation specialized to one dimension:

_s _s 9_ (20)
B-_+W_z = T

In the spirit of the perturbation treatment, the vertical distribution

of entropy is

dT "h
ds l--- <cp _ I +g/i

l eci = Teq eq
(el)

The vertical velocity w for steady motion is

.\m l

•- = Cp _ eq + Cp

where g/Cp is the adiababic gradient for an ideal gas. Cp is the

heat capacity at constant pressure. For an ideal gas, the heat

capacity at constant pressure can be written as

_Cp = I kniCi (23)
i

where k is Boltzmann's constant, and C. is a constant depending on the
i

constituent

C. = 2.5 monatomic molecules
I

= 3.5 dlatomlc molecules

(24-)
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In interpreting (22) we note that q/Cp is the rate at which

the temperature increases if the heating occurs at constant pressure

and without motion. If the fluid is initially in hydrostatic

equilibrium in a temperature gradient, dT/dZ_q , and becomes

heated, it rises. If the heating occurs at constant pressure and the

fluid always remains in hydrostatic equilibrium, the velocity of

rise is

(q/Cp)(dT/dz _q )-I (25)

The fluid as it rises encounters lower pressure and expands. The

expansion causes a cooling because of the work done on the surroundings

by the expansion. In order to remain in hydrostaticequilibrium,

the fluid rises with a smaller velocity, and the adiabatic gradient app-

_ar_ngi:±n (22) takes account of the adiabatic cooling.

To obtain a numezical estimate, we consider conditions at 200

l_where the density is of the order of 4.0 x lO -13 g cm -3 and

-2
the density scale height is about 50 }_m. If 1 erg cm is deposited

over a scale height every second, then q is _ 3 x lO 5 erg g-1 sac-1

The vertical velocity is then of the order of 3 x lO 2 cm sac -1

The presence of a temperature gradient will further reduce the

maxLmum vertical velocity In addition, we will see that the _ .......• e_ C].L_a cC

of i erg being deposited over the 50-[:m height range is on the high

sid_ and, therefore the vertical velocity of 6 meters sec



- 27 -

provides a maximum limit for this altitude. The satellite obser-

vations indicate at most a 2 percent diurnal change in density at

this altitude. This corresponds to a vertical displacement of 1 }_

of the s_faces of equal density. The corresponding average value

of the velocity of surfaces of equal density would be of the order

-i
of 2 cm sec •

Estimates of the vertical velocity permit an estinmte of %1.0

::ate at _hich heat is deposited by viscous degradation of mechanical

energy; the viscous contribution to the accession can then bc co_:Lpa:ed

with the heat accession due to conduction. In addition, we will

want to compare heat conducted and heat transported by convection.

From dimensional considerations, we see that the rate of

"l

accession of heat due to viscous dissipation q is of the order of

where L is the smallest length scale involved in the motion.

Setting L equal to the scale height, we have that

lO-5 zo2 2 -I -I (27)qv _ ( ) 10 -2 erg g sec
4 x 10"13(5 x lo6) '2 _

Since the rate of accession from other sources is of the order of
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!O5 erg g-1 -1sec , the contribution of viscous dissipation is

completely negligible. This would be true even if a much smaller

scale of motion were involved.

The rate of changeof temperature due to heat transported by

ordinary conduction is given by

i _ (K_Tv ) (28 

The order of magnitude of the ratio of heat carried by oonduction

to that transported by convection is

K/ Cv (29)

whereL can again be taken as equal to the scale height° At 200

km# the temperature is of the order of lO00 ° K and the total n_ber

density is of the order of l0lO. The ratio of the heat transported by

conduction to that convected is then of the order of 30o Conduction

thus outweighs convection by an appreciable amount, _hough the total

heat transported by convection may not be negligible°

Influence of Horizontal Temperature Gradients

In calculating the net accession of heat, account is taken of

the vertical fl_ of.hea_ _ _e difference intemperature between
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day and night hemispheres will lead to a horizontal flow of

heat.

The difference in temperature between the dark and sunlit side

is of the order of 600°K at 1000 km, corresponding to an average

temperature _adient of 3 x 10"7°_K_mm_l • The corresponding heat flow

-2 -1is of the order of 1 x l0 -2 erg cm sec • This heat flow is small

comparedto the vertical heat input, bu_ maymeasurably affect the

details of the temperature distribution, particularly in the upper

level where the vertical gradients are only slightly larger than the

horizontal gradients. The effect of the horizontal flow of heat

will be to reduce the mmximumtemperatures°

The high thermal conductivity of the upper atmosphere will

prevent large permanent temperature gradients that are not maintained

by external conditions. Thetime required for a temperature anomaly

having a scale _ength L to decay is given by

t (pcJK)L2 (3o)

(Carslaw and Jaeger, 1959)o At 400 kin, a temperature disturbance

with a scale length of 1DO0 km would decay in about 9 hours° At

lO00-1_n height, the same disturbance would decay in a few minutes.
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The large horizontal temperature gradients required by the

day-night effect will also produce horizontal velocities. For the

horizontal mixing to be effective, velocities on the order of 104

-i
cm sec would be required for the horizontal massmotion to transport

appreciable thermal energies. From considerations similar to those

that led to an estimation of vertical velocity, we can show that the

horizontal velocities are muchtoo small to give rise to any

appreciable horizontal thermal transport.

Thesmall time _scale for the vertical flow of heat implicit in

(30) assures that the atmosphere will respond to changes in thermal

input with a time scale of a few hours at most°

Ultraviolet Heat Source

So far we have considered both the magnitudes of conducted and

convected heat and the contribution of viscous dissipation to the

thermal budget. Convection is minor compared with conduction, and

the effects of viscosity can be neglected. The most importantheat

source is due to the sb_o_tlon of solar ultraviolet radiation;

this heat source can be written as

°quv =_ei_ni (z, t)F_i_ exp [- Ti_(z,t)_ (31)
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The summations are over all constituents i and over all wavelengths

_. F_ is the time-dependent incident flux of wavelength _ at the

t is the photoionization cross section oftop of the atmosphere. _ik

the ith constituents at wavelenghh k.

_ ni(z't)Tik = _ik cos e(t) dz

vik is given by

(32)

where _ik is the total absorption cross section° e is the zenith

angle of the sun. _ik is an efficiency factor for the conversion of

the ultraviolet absorbed by the ith constituents into heat°

A determination of the ultraviolet heat source requires a

measurement of the ultraviolet radiation Fk outside the earth's

atmosphere; the number densities n. must be calc_ated for a par-
i

ticular model. Hinteregger and Watanabe (1962) have given the most

detailed review of the values of the solar flux outside the atmosphere°

Table II is a summary of their results for the energy flux in

various wavelength regions.

Molecular oxygen has the lowest ionization potential among all

the major constituents of the atmospheric gases° Radiation at

wavelengths shorZer than 1027 A will ionize 02° Radiation in the

wavelength region 1350-1027 A is important in the formation of the

D layer of the ionosphere and through its interaction with the minor

4
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TABLE II

Flux of Solar Radiation at Short Wavelengths

Wavelength Interval in A Energy Flux in Wavelength
Interval (ergs cm-2 sec-1)

135o - lO27

1027 - 911

911 - 630

630 - 370

37o- 28O

280 -170

17o - io

lo - 1027

6.0

0°2

0.3

0.3

O.6

0.8

0.3

2°5
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constituent NO. Atomic oxygen is ionized by radiation below 911 A_

and molecular nitrogen is ionized below 796 Ao The ionization

threshold for helium is 504 Ao

_e other parameters that enter into an expression derived from

laboratory observation or from theory are.uncertain in various ways°

In particular, the efficiency of the conversion of ultraviolet

radiation into heat involves a large uncertainty°

Before considering the detailed application of (31)_ we note

that the heating is proportional both to the number density and

to the ionizing flux. As the ionizing flux passes through the highest

parts of the atmosphere it is lightly attenuated because of the

limited number of absorbers° As it enters into somewhat denser

atmosphere, the attenuation goes up, and the heating rate will be a

maximum for a given wavelength at au intermediate region in the

atmosphere. The detailedcalculations suggest that most of the hea_ing

is between 150 and 300 km. This is also the region where the

number density of ionized particles reaches a maximum_

Of interest is the heat source at altitudes well above the

region of maximum heat production. Hinteregger and Watanabe (1962)

estimate that the heat sources due to the ionization of oxygen#

helium_ and .hydrogen are approximated by



- 34 -

PqO _ 1o4 x 10 "17 ¢0n0 erg cm "3 sec "I

pqHe_ 1o4 x lO"18 -3 -i_HenHe erg cm sec

PqH " 4.0 x 10 "17 ¢Hn}{ erg cm '3 sec "I

(33)

In writing (33), we assume that the attenuation by absorption is

not sufficient to bring about a first-order change in the incoming

radiation. The values listed refer to an overhead sun.

The absorption and ionization coefficients in (31) are still

poorly known. Detailed theoretical calculations have been carried

out for atomic Oxygen by Dalgarno and Parkinson (1960) The cross

section is a function of wavelength varying from about 2_5 x l0 -18

2 10-17 cm2cm at 900 A to io3 x at 500 As The ionization cross

section for N2 is most complicated and varies greatly, having an

10-17 2average value of about i x cm o The lack of secure data on

the photoionization and absorption cross section is one of the

weal_qesses in the construction of any model of the upper atmosphere°

In addition, the efficiency of transfer of absorbed photons into

thermal energy is even more uncertain (Nicolet, 1959, 1960, 1961a)o

Some of the absorbed solar energy goes into the excitation of

atmospheric particles, and that energy may be lost in the form of

radiation. The energy that goes into the dissociation of molecules

into atoms is lost as far as the upper regions of the ionosphere

are concerned since recombination does not occur in these regions,
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but rather the atoms must diffuse down into a region where the density

is high enough so that three-body collisions take place° The energy

that is absorbed in exciting metastable atomic or molecular states

is not available if the atom radiates the energy instead of becoming

deactivated by collision° The number of possible metastable states

is large, and the evaluation of the definite processes is a complicated

matter° Hanson and Johnson (1961) estimate that some 15 to 30 percent _

of the total energy absorbed in the upper regions of the ionosphere

goes into heat°

Radiative Loss of Heat

In determining the net accession of heat it is necessary to

consider radiation out of the region of interest° The principal

infrared radiator in the upper atmosphere is atomic oxygen (Bates_

1951) which radiates at 63 _ according to

o(3p )- o(3p22)+hv( : 63 ) (34)

The net acdession due to radiation in atomic oxygen can be written as

QqOx = noAI2EI<w2+WI wl exp (-EI/kT)exp (-Ei'l_kT)+Woex p (-Eo/kT_
(35)

which is

-io68 x lO'18e -2281T/

Pqox = 1 + Oo6e "228/T + O.2e -235°3/T no (36)
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nO is the concentration of atomic oxygen° E1 is the energy difference

between the .3PI and 3P2 levels of atomic oxygen; E0 is the energy

difference between the 3P0 and3P 2 levels of atomic oxygen; WO,

WI, W2 are the statistical weights at the various levels; and AI2

is the Einstein coefficient for the transition 3PI to 3P2o

The numerical coefficient multiplying the concentration of

oxygen in (36) will be less than lO "18 erg cm-3 sec-lo For tlhe

radiative losses to equal 1.erg sec -1 requires about i018 atoms of

11 -3
atomic oxygen. At a concentration of 10-- atoms am , a column

2 -1
lO0 km thick would be required to radiate 1 erg cm sec As we

shall see, the concentration of'atomic oxygen in the upper atmosphere

is far less than this° However_ the infrared radiation from atomic

oxygen can contribute substantially to the heat balance in the height

interval 120 - 160 km.

Numerical Models of the Upper Atmosphere

Numerous models for the upper atmosphere incorporating the

satellite-derived densities and ultraviolet fluxes obtained from

rocket measurements have been calculated° The most detailed analysis

hasbeen carried out by Harris and Priester (1962a). Combining

(8) and (14)3 }_rris and Priester have determined the time variation

of a model atmosphere# taking into account the gain of heat through

ultraviolet flux, the loss through radiation by atomic oxygen, and

approx_lating the vertlcalmotion withinthe atmosphere° In this
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way they derive the daily and solar-cycle variation (Harris and

Priester, 1962b) of the density concentration and temperature of the

upper atmosphere. We present a review of their work in order to

illustrate certain of the problems inherent in such calculations and

further to indicate the current estimates of the constitution of

the upper atmosphere°

Boundary conditions at 120 l_no The simultaneous integration

of (8) and (14) requires boundary values of the number density of the

relevant constituents and the temperature at the level at which

diffUsive equilibrium replaces convective mixing. Th.e two problems

are the determination of the height of this level and the estimation

of the constitution of the atmosphere at this level°

Early attempts to determine the composition and height of the

diffusion level through'the use of mass spectrometers were made by

Townsend et al. (1954). Durlng the IGY, successful flights through

the critical regions were made (Townsend and Meadows# 1958)o The

method of determining the region of diffusive separation involved

the determination of the argon to N2ratioo These flights and

Russian flights (Pokhunkov, 1962) showed a decrease of A/N 2 ratio

with altitude compatible with the onset of diffusive separation in

the i00 to 120-l-_nregion°
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An alternative method of determining the level at which diffusive

separation sets in is through the use of artificial injections of

alkali metals by rockets. Blamont and deJager (1961)_ through the

study of alkali vapor trails, show that below about lO0 km motion is

intense with a strong shearing. Above lO0-105 km the alkali vapors

diffuse into the atmosphere. A remarkable feature of the observations

is that the transitional region is very sharp° There are seasonal

variations in the intensity of the motion and also in the height of

the transition layer. Since the alkali-vapor technique is limited

to the twilight and dawn hours, it is impossible• to investigate the

daily variations •in the height of the transitional layer_ Observations

on meteor trails• (Greenhow, 1959) show a similar transition though

the upper height of the turbulent motion has been found at altitudes

greater than lO0 _n.

A major advance has been the determination of the 0/02 ratio

in the region 100 - 135 km by Schaeffer (1963)o Schaeffer ejected

the spectrometer from the rocket to minimize the effects of rocket

exhaust. The instrument was designed to minimize the probability of

surface recombination of atomic oxygen. Schaeffer finds at 127 km

a ratio of 0/02 equal to two. The values are in good agreement with

the ultraviolet determination of the 0/02 ratio (Byram et alo,

1955; Kupperian et alo, 1960) but disagree markedly with earlier

mass spectrometer results.
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Table III lists the values of the constituents at 120-1_n

altitude used by Harris and Priester and derived from the study of

Nicolet (1961a)o The structure of the atmosphere depends particularly

on the ratio adopted for atomic to molecular oxygen. As has been

noted above, atomic oxygen is a radiative cooling agent, and if a

high abundance of atomic oxygen is used the maximum temperatures

obtained are lesso Harris and Priester estimate that a change of a

factor of i0 in the ratio 0/0 decreases the maximum temperature
" 2

reached at high altitudes by about 250°° The ratio used is consistent

with Schaeffer's (1963) measurements.

Required heat sources. Using the above boundary conditions,

Harris and Priester (1962a) carried out detailed calculations of the

temperature and composition for various heat sources° A remarhable

feature of their study was that an ultraviolet heat source symmetrical

in time about local noon, vanishing before 6 o _clock in the morning

and 6 in the evening, does not yield density variations compatible

with satellite observations. The peak value of the heat source

depends on the thermal efficiency ¢. Harris and Priester assigned

a thermal efficiency of 0.37 and used Hinteregger_s estimate of

-2 -1
2.5 erg am sec for wavelengths less than 911 Ao The observed

response of the atmosphere, however, demands an additional heat

source having a maximum in the midmorning, a minimum in the early

afternoon, a small amount of heating during the night, and an
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TABLE III

Concentration of Constituents at 120 Kilometers

Constituent

N2

Number Density

(cm"3)

5.80 x IOLL

02
1.20 x lOII

0 7.60 x io!0

He 2,5o x lo7

H _.36 x i0_
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average magnitude comparableto that provided by the u!travio_et

flux. 0nly if such a heat source is assumedcan the calculated

densities, assuming the time-independent boundary values given in

Table III# be brought into agreementwith the observed variations

in density derived from satellite observations. '±-Tnecritical point

is that the discrepancy is in the phase of the heat source rather than

its absolute magnitude. If the magnitude were off, the discrepancy

could be attributed to incorrect values for the thermal efficiency

or for the ionization cross sections° The phase relations cannot be

explained in such a fashion. The model does not take into account

the depletion :Of the neutral population through ionization° _e

percentage population of the ionized particles is so small that the

effects associated with the ionized particles can be neglected°

lion,ever, there is a possibility of an additional heat source lagging

behind the maximumin the solar flux due to the nighttime recombination_

Numerical models. The basic parameter produced by the models

that can be compared directly with satellite observations is the

density and the variation of density with height° We recall that

the absolute values of the density derived from satellites are

uncertain, but the variation with time is much clearer. Figures

5 and 6 show the variation of the number density of the neutrals

between 0 and 12 hours and 6 and 18 hours. The total number densities

are useful in association with Figures 7 through lO, which give the
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relative proportion of the constituent atoms within the upper

atmosphere.

Figures 5 and 6 show that the major fluctuations in density

take place at altitudes above 300 kmo At 1000 km, the maximum

change in density is about a factor of 8o

Figures 7 through i0 show the variation of the relative

proportions of the major constituents° Three distinct regions in

the atmosphere between 120 and 2000 km can be outlined° At noon,

between 120 and 250 km, molecular nitrogen dominates° Between 250

and ll50 km, atomic oxygen is the principal constituent, and above

ll50 km, helium dominates. Nicolet (196lb.,c) first showed that the

slow decrease in atmospheric density with altitude between 750 and

1500 km as derived from satellite observati_B indicated that helium

was the major constituentin the region concerned_

Nicolet's prediction is strikingly confirmed by observations of

Bourdeau et alo (1962) who found that at an altitude of i630 km

the He+ to 0+ ratio was of the order of unity° The ratio of the

ionized particles cannot be directly converted into ratios of the

neutral particles, but the observations do indicatethe importance

of helium in the upper atmosphere. Hanson (1962) also showed that

an ion probe experiment by Hale (1961) can be interpreted as
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indicating that the helium atoms are indeed present as suggested by

Nicoleto The composition of the atmosphere derived by Hanson is in

general agreement with those obtained by Harris and Priestero

The variations in composition during the day-night cycle are

illustrated in Figures 7 through i0o During the nighttime_ the

peak concentration of oxygen is at a lower level than during the day°

As the atmosphere expands because of the heating, the maximum in the

concentration of both oxygen and helium moves outward°

_e variation with temperature_ with time_ and with altitude

in the model atmosphere is shown in Figures ll and 12o The temperature

at midnight is about 1200 ° at heights above 400 km; the temperature

at noon is on the order of 1715° during 1956 and 1959 of the last

solar cycle°

Solar-cycle variations° IIarris and Priester (1962b) have

attempted to estimate the variation in the parameters of the atmos_

phere during the solar cycle° The basis of their estimates is in

the correlation of the postulated heat source with the long-term

averages of the 10oT-cm solar fluxo The derived densities are then

compared with the densities obtained from satellites for the period

1958 - 1961o The models discussed above and represented in Figures

5 through 12 correspond to the years 1956 and 1959 during the last

solar_cycle. The peak in the solar cycle wou]d be in the period
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1957 - 1958o The maximum, mean, and minimum daily temperatures

obtained by Harris and Priester for solar maximum and solar minim_uu

are shown in Table l_o For comparison, King-Hele and Rees (11962)

obtain, by using a somewhat simplified model of the atmosphere, an

average v_x_m'_m _em_=_a_ure in _8 of 1600°; in _,_-_ _35__o; in

1960 - 1961, i150°o Again, the agreement with the estimates of

Farris and Priester is quite good°

I_rris and Priester have assur_led that the conditions at 120 l_n

_ -_u_ vary either dai_y.... or over _'ne solar cyc±eo '_'netime-dependence

of conditions at I00 - 120 l_n is an important problem on which there

is yet little evidence. There is no doubt that the 0/02 ratio

varies, probably by a factor of 3 to _, over the day-night cycle_

Such a variation complicates the heat source distribution, since the

abundance of oxygen determines the radiative cooling°

Summar[of Atmospheric Constitution

The principal results of the satellite studies, when combined with

theoretical investigations, show that the temperature of the upper

atmosphere varies on a daily basis and with the solar cycle° The

details of this variation are still somewhat uncertain_ and the

absolute temperature assigned at any given time may be in error by

as much as lO0°o During the maximum of the solar cycle_ the

daily maximum temperature is of the order of 2150°_ _._ring the
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Period

Maximum, Mean, and Minimum DaiLy Temperatures

(OK) (OK)

Minimum Mean

(°K)

Maximum

Solar Maximum 1400 1775 2L50

Solar Minimum 590 730 870
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minimum of the solar cycle, the maximum temperature may be only

900 ° . During most of the solar cycle, the maximum daily temperature

will be no more than some 1700 ° . These conclusions have a profound

effect as far as any consideration of escape of helium from the

upper atmosphere is concerned.

There is an uncertainty about the detailed nature of the com®

position of-the upper atmosphere and the variation of composition

with the solar cycle and diurnally. However, it appears that the

atmosphere between 200 and _^_ '-- is_ _'_^ _+_a _y

atomic oxygen° At higher altitudes, helium is the principal con_

stituent, and at still greater altitudes, perhaps of the order of

4000 1_u, hydrogen becomes the principal constituent.

The major uncertainties in the construction of a model for the

upper atmosphere are concerned both with the nature of the heat

source and conditions prevailing at 100 - 120 l_Uo Detailed

investigations such as those carried out by Harris and Priester indicate

thatthe ultraviolet heat source is inadequate to account for the

phase of the observed diurnal fluctuations. An additional heat

source, peaking in the midmorning and at a minimum in the midafternoon,

is required to supplement the ultraviolet heat source, which is a

maximum at local noon° Since it is the phase of the heat source that

is involved, possible _mdercstJ_ates of the ther_._al efficiency or
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errors in the photoionization cross section cannot account for the

observed density fluctuations in the atmosphere° However, possible

variations in composition at 120 km may account for the phase

relations; these effects have not been investigated largely because

of the lack of data on the atmosphere in the lO0- to 200- kun

interval. Harris and Priester suggest that high-energy particles

may provide this additional energy source° We will later return

to the detailed consideration of possible heat sources and their long-

term variations.
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III. FLUX OF CONSTITUENTS INT0 THE ATMOSPHERE

Introduction

In considering the escape of gases from the earth's atmosphere,

it is necessary to estimate the rate of influx of these gases into

v_e atmosphere. We _.,_11be __oii_ __o_ _t_n ÷.b_ t.wo iso-

topes of helium3 He4 and He3o However, it is necessary to consider

the influx of argon_ since knowledge of the argon flux permits an

estimate of the flux of helium from the crust into the atmosphere

(see Birch, 1951; Damon and Kulp, 1958; Turekian_ 1959)o The

l_.... _^_ _÷_+ of neon

l_it to the amount of gas that has been accreted from outer space°

Estimation of the rate of release of radiogenic helium and argon

from the crust is very complex. It may be that not all the relevant

factors have been taken into account° It is important that this

point be appreciated# since the conclusion that is to be reached is

that the rate of release of helium into the atmosphere at present

greatly exceeds the rate at which helium is presently escaping°

Advances in knowledge of the influx of important constituents

into the atmosphere have come from two directions° The studies on

the abundances of gases in natural _a_ers permit a new method of

estimating the influx. Until recently, the influx has followed from

estimates based only on the measured heat flo_s and ages of rocks°

Inaddition_ advances in the understandir_ of the interaction of the
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magnetosphere with the interplanetary medium and measurements of the

particle fluxes in solar flares allow an estimate of the rate at

which certain elements are beingaccreted.

_= _+e _+. _ +he various constituents in the ..... e.........

-2
particles cm is given in.Table go These values .are derived primarily

from the discussion of Glueckauf (1951) (see also Nicolet, 1957;

Urey, 1959)o

Argon 40 is produced by the radioactive decay of potassium 40.

Helium 4 results from the radioactive decay of both uranium and thorium°

A rough estimate of the maxlmumamount of helium and argon that

can have entered the atmosphere follows from general considerations

of the heat balance of the earth (Nicolet, 1957; Birch, 1951)o

Potassium, uranium, and thorium are the principal radioactive

elementsand certainly produce most of the heat that is now reaching

the surface of the earth. The present heat flow is 62.8 _ 4°3 ergs

cm sec =l (MacDonald, unpu01ished)o If the earth had the composition

of chondritic meteorites (1.1 x lO ''8g g-1 of uranium_ 4°4 x lO "°8

-1 -1
g g of thorium, and 8.0 x lO "4 g g of potassium)_ the surface

-2 -1
heat flow would be 59.4 ergs cm sec if all heat being produced

reached the surface. If o_ly the mantle had chondritic composition,

-2 -1
then the equilibrium surface heat flow_ould be 40ol ergs am sec

Severalfactors contribute to a present heat flow greater than the
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TABLEV

Concentration of Rare Gasesin the Earth's Atmosphere

Concentration
at sea levelg

Gas particles cm-_

He3 1o41 x 1014

He4 1.13 xlO 20

Ne 3.84 x lO2°

A 1.93 x 1023

Kr 2,0 x 1019

Xe 1.6 x lO18
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equilibrium heat flow. These include the higher rate of heat production

in _he past, the long thermal time constant of the earth_ and the con-

tributions from initial heat (MacDonald, 1959). The close agreement

between the equilibrium heat flow from a chondritlc earth and the

observed heat flow is _Jaua!!ytaken as evidence for the chondritic

composition of the earth as far as the radioactive elements are

concerned.

If, indeed, the earth has a chondritic composition, and if the

gases _a..... ....._a in the radioactive decay of _n+._m_............... _na _nn_....._

reachingthe surface, then the present flux into the atmosphere

should be 2.6x 106 He4 cm'2 sec"l and 3.24 x 106 A cm-2 sec"l. The

relatively short half-llfe of potassium 40 meansthat 4°5 x lO9

years ago argon was produced at approximately lO times the present

rate, so that the average flux of argon over geologic time would be
-2 -1

1.3 x l07 A cm sec . If all the argon produced in a chondritic

carth had reached the atmosphere, the total content of argon would

1024 -2i_e 1.8 x A cm . This is a factor of i0 greater than the

observed abundance. It is, therefore, clear that not all the argon

that has been produced has reached the surface. The validity of the

last assertion depends on the potassium abundanceof the earth.

I!owever, it is extremel_unliEely that a consistent thermal model

o? the earth can be constructed with a potassium concentration one-

_enth of that of chondritic meteorites.



- 52 -

The ratio of argon produced to argon in the atmosphere, 0.9,

permits an estimate of the earth's present retentivity of argon,

provided that the outgassing process has been a continuous one° If

90 percent of the helium is also retained within the earth, then the

currentl flux of heli__ to the atmosphere would be 2.6 x lO 5 cm -2 sec-1

In a sense, this is a lower limit to the flux of helium for an earth

having a chondritic composition, since helium is retained within rocks

to a far lesser extent than is argon.

The estimates of the _1_v _ o_gon and he!i_, into the atmosphere

suffer from the fact that they are based on compositional models for

the earth which, though reasonable, are still uncertain. Wasserburg

et al (1963) have attempted to obtain an estimate based on the

observed content of argon in the atmosphere and on the ratios of

helium to argon in natural gases. Measurement of natural gases

(Zartman et al., 1961) show that the helium to argon ratio varies

from 2 to 200, a value of about lO being the most frequent° On

this basis, Wasserburg et al_ conclude that the ratio of the present

flux of helium to argon lies between 2 and 20° The present flux of

argon is estimated to lie between 7 x lO 4 and 3.5 x lO 5 atoms cm -2

-i
sec , where the factor of 2 uncertainty arises from the possibility

that half of the argon present in the atmosphere is primeval. The

estimated flux of helium obtained by Wasserburg et al. is then between

1.4 x lO 5 and 7 x lO 6 atoms cm -2 -1sec • Assuming that all the argon

in the atmosphere or_glnated from outgassing, the most frequent ratio
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of helium to argon in natural gases would yield a present flux of

2 -i
3.5 x 106 atoms cm- sec o This estimate lies close to the estimate

derived from the arguments based on the present thermal conditions.

The rl_ m_ _l 4_

The two possible sources of helium3 in the atmosphere are direct

production resulting from the interaction with cosmic rays and the

injection of helium 3 into the atmosphere from the sun.

A _^$_^_ analysis _" _ ..... (_o_ s_,.,_ +_+ _l_,_ 3 ---_

be produced by collision of cosmic-ray neutrons with nitrogen leading

to the formation of tritium which then decays to helium3o Tritium

can also be produced by direct ejection in cosmic-ray stars, as can

helium 3. Numerous other studies have been carried out evaluating

the production of tritium by galactic cosmic rays and the spalation

production of helium 3 (Craig and Lal, 1961; Wilson and Fergusson,

1960; Begemann and Libby, 1957; Dostrovsky et alo, 1960)o These

estimates indicate that the galactic cosmic rays produce on the

order of 2 He3 atoms cm -2 sec "l.

Direct evidence of the accretion of tritium and helium 3 from

the sun was obtained by Fireman et al. (1961) and Schaeffer and

Zahringer (1962) from a study of the tritium and helium 3 in the

casing of the earth satellite, Discoverer 17, which was flown after

the solar flare of November 12, 1960. The amounts of triti_ml and



- 54

helium 3 recovered from the satellite are 2 orders of magnitude too

large to be accounted for by spalation of the casing material_ The

results show that the solar flare radiation intercepted by the

satellite consisted of 0.4 percent tritium and 10 percent helium 3o

_e average yearly integrated : _.... _-- _....•n_._ of solar cosmic rays "_

energies above 30 Mev for the years 1956 - 1961 is about l ol x lO 2

particles cm "2 sec_l (McDonald, 1963)o Thus, the sun may inject

-2 -1
on the average some lO He B cm sec (Flamm et alo_ 1962)o

The accretion rate _ - , ........... _--_-- _±_w_ =_ _o

(1962) did not report helium 3 in emulsions flown shortly after the

November 12 flare. Three hundred tracks were examined caref_lly for

the presence of deuterons and tritionso In the energy range accepted

by the emulsion, some 3 or 4 particles should have been helium 3

if the ratios obtained from the analysis of the Discoverer satellite

are correct.

The Accretion of Neon

The abundance of neon is important, since it sets an upper limit

to the gases that may have been accreted from the sun. Neon_ •like

argon, is too massive to have escaped from the earth's atmosphere

unless the upper atmosphere temperatures were an order ofmagnitude

greater than they are today. The abundance of neon in the sun's

atmosphere is not lauown directly from spectroscopic observations°

Biswas et al. (1962_ 196B) obtained estimates of the ratio of neon to
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hydrogen and helium in solar cosmic rays. The hydrogen to neon ratio

is 1 x lO 4 and the helium to neon ratio is 6.7 x lO2. The numbers are

uncertain because of the statistics, but the results are consistent

with estimates of cosmic abundances.

The solar cosmic-ray flux of lO0 cm "2 sec -1 is far too low to

supply the neon now present in the atmosphere if the rate were main-

tained over geologic time. A second possible source is the low-

energy plasma streaming from the sun. Measurements of the flux

particles cm -2 sec -1. If the cosmic-ray abundances are the same for

the low-energy flux, then this corresponds to a flux density of 1 x

lO 4 neon atoms cm -2 sec -1. The total amount of neon that would be

accreted, assuming constant flux over geologic time, would be 1.4

x lO 21, or a factor of 3 larger than the observed abundance. As

will be discussed later, the magnetic field effectively shields the

atmosphere from the solar wind and, as a result, only when the field

is much weaker than it is at present will solar plasma penetrate into

the atmosphere. The neon content of the atmosphere could be accreted

if the field were much weaker than its present value on the average

of about one-third of geologic time.

"The maximum amount of ac_reted hydrogen and helium can be calculated

Oy means of the present abundance of neon and the observed ratios of neon

atoms to the lighter isotopes. The resulting maximum fl_xes are 2_7 x 10 7
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and 7.2 x i0 _ He am sec The validity of these

maximumfigures depends on the assumption that all the neon has been

introduced into the atmosphere.

S'_,_.ary of Flux of Gases into Atmosphere

Table Vl summarizes the present information regal-cling t!Je f_tu.:

of helium 3J helium 4, and argon into the atmosphere° The range of

values permitted for the influx of helium 4 from space results from

the uncertainty in the proportion of the solar wind that can. pene_1_a_=

-'-_ _-,_,_-_.-_-^_ T-g' t-,,_l_T _,_'I_ _,-_ _T_ r_r_+_-;l_ll-_-_ _-r_ _"h_" 1_Lb_l_ _"

atmosphere_ then the lower values are appropriate° If a subs_,anb_.a_

fraction of the solar wind• does indeed penetrate into the r_'_agne_-_o__-

phere, then a higher value .Is _:eq'_i]:'edo

Using the preferred values given in Table VI_ we find that the

I"

.i0°present abundancc of helium 4 _ou].d acc_mmlate in ]._3 x ycars o

Only 3.7 x 10 5 years would be required to supply the atmosphere _._ith

its present content of helium 3 if solar cosmic rays make the con-

tribution to the influx indicated in Table VIo If only galactic

cosmic rays contribute to the production of heli[u_ 3, a time scale

of 2.2 x 10 6 years is required°
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IV_ TI_rdL_L ESCAPE OF GASES

Intro duct ion

The density of the atmosphere decreases up_.;ard, At some level[

the nean free path of the constituent particles becomes large in

..... ±,a............ the _oi_ _,_+ _a _ll_s_r_ above this 7evel are

infrequent. The region in which collisions are negligible is terz_ed

the exosphere. The atmosphere grades into the exosphere, thot_gh for

pul'poses of the escape theory i$ is usual to speak of a given level

as the base of the exosphere. Below this level collisions are frequent

From the base of the exosphere_ some particles are ejected upward

_ibh velocities less than that required for escape. These particle_

describe elliptic, ballistic -" ....o_o_.uo and _,_eturn to the base of the

e:,:osphereo Some fraction of the particles describing bsllistic

orbits have a velocity greater than the escape velocity. These

_c,rSic!es will leave the exosphere in hyperbolic orbits. In additlou_

thel'e is a component in elliptical orbits circling _he planet .and

not passing through regions where the density is high enough for

collisions to take place.

A basic problem in the theory of planetary escape is the cal-

culation of _._hat fractlon of atoms have a velocity such that their

hinetic energy is greater than the gravitational potential energy,

The c._ass:_cal theory of escape has been developecZ by Jeans (1925)

and Iennard-Jones (1923). A d_sc_,ss:!on that has in.Cluenced _u_ch of
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the later work is given by Spitzer (1949). These models assume an

isothermal atmosphere with a gas in equilibrium having a Maxwellian

velocity distribution up to the base of the exosphere. IMbove this

level collisions are infrequent enough to be unimportant in slowing

Jo_.m.outvard!y traveling particles°

The problem of escape is complicated by the fact that, for a

minor constituent, the base of the exosphere must be supplied through

diffusion from below. If the thermal conditions are such that the

escape rate of a _rticu!ar constituent is large compared LJith the

diffusion rate, then diffusion effectively controls the escape of

that constituent. Diffusion thus effectively l_its escape during

short intervals in which !oca].].y the temperatr_e may rise much above

the ave'_age temperature, 2_ue region between I00 and 200 ]m_ has a

very large temperature gradient; and diffusion throL_h this region

is complicated by the phenomenon of thermal diffusion°

Classical Theor_ of Escape

The two necessary conditions for escape to take place are that

the velocity of an outgoing particle is greater than a critical velocity

V c and that the atom with this velocity has a negligible chance of

undergoing a collision_ The critical velocity is defined by the

requirements that the particle's kinetic energy is greater than the

gra'/itat_onal potential:



2R
")! )

m is the nmss of the particle, g is the gravitational acceleration at

an arbitrary distance R from the center of the earth_ and z is the
0

'- " _ _ at which the - _ ,,_i_+,, Forpar_e has a _j u.ne_l_ measured from R°

a gas in thermal equilibrium, the munber of particles having a

velocity between u and u + du in an element of solid angle is

42/. m  3/2 g 2 2
r_2-_j-_ exp k" _-_ ) sin e de (38)

where r = R + z; e is the angle between the velocity vector and the
0

radial coordinate. The flux dF in particles per square centimeter

second follows when we multiply (38) by the radial component of the

velocity, u cos 8.

dF = 4Nr2n _2-_./ exp ( - m_.p__2kT) 7)3 sin 8 COS e de (39)

Integration over the angular coordinate yields the number of molecules

crossing the unit area of a hemisphere per unit time and integration

over velocities from the critical velocity to the infinite velocity

yields the flux of particles having velocities that exceed the local

velocity of escape.

1

/



Defining the scale height H(r) by

H(r) = kT(r)/mg(r) (41)

!

F(r) = n(r)<g(r)_(r)> 2 {i + H---_7_r_ exp (-H--_" _ (42)

The expression for F(r) gives the outward radial flux at a level r

velocity defined by (37). If there are no further collisions at

disbar.ccs gi'cater than r, F(r) equals the escape loss; otherwise it

is just the outward flux. The physical interpretation of (42)

thus depends critically on the relative frequency of collisions beyond

a given level.

The conditions for the validity of (4,2) have been discussed in

great detail by Opik and Singer (1959, 1960), Brandt and Chamberlain

(1960), Herring and Kyle (1960), and Aamondt and Case (1962)o

Within the region of the atmosphere where collisions are frequent,

the Maxwelliandistribution on which (42) is based holds quite

accurately, and (42) gives a direct estimate of the outward flux;

however, part of this outward flux is balanced by an inward flux

because a certain fraction of the particles in their upward paths

collide and return. _he net outward flux is then less than that given



- 62 -

by (42). As the base of the exosphere is approached, the total net

flux is more closely approximated by (42), but because of the absence

of collision the Maxwellian distribution holds less exactly.

T+v_ _ be ._+_ +_+v__ the scale height refers to +_._p_+_1_

escaping component. For the case where the scale height is much less

than the distance to the center of the earth, (42) simplifies to

!

F(r) = n(r_ g(r)RN_2 H(r)_½ exp <- _ (43)

For a minor constituent, the escape level r
C

the height atwhich

can be defined as

r,
c

(44)

where n is the total number density, and q is the effective collision

cross section. For the escape of a minor constituent, (44) can be

approximated by

 cnJ = ½ (45)

where H is the scale height at the critical level, and n is the
C C

number density at the escape level. For an atmosphere dominated by

]0-16 2oxygen atoms, _ is about 7 x . cm , so that the condition at

escape level is
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}icne 7 x lO14 o (46)

For the models discussed in Section II,at a scale height of lO0 l]u_

the number density is of the order of 7 x 107o The ,escape level is

thus of the order of 500 to 600 !_., dependir_ on the t__me of day°

It is also to be noted that the escape level is in a region in which

the atmosphere is nearly isothermal.

Theory of Diffusion of a Minor Component

_',Tc next .... _ ÷i_

_h_ough the atmosphere. As has been noted above, the rate of Ciffusion

_ay control the rate of escape when the rate of escape is high°

The diffusion of one gas through another in the presence of a ter,_pera_

ture gradient has been treated in detail by Chapman and Cowling (1939).

For simplicity, we assume a mixture of two gases, A and B, where the

number density of gas A is much less than the number density of

gas B;

nA <<n B n = nA + nB_n B (h7)

_,_ denote the flow of particles in the positive z direction across

Unit area per unit time by FA. The relation between the flow and the

gradients of composition and temperature can be described by linear

relationships if the gradients are not too high.
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FA(Z ) nD _ d(nA/n) n^nBcr' dT._ ,_.-,,= . -- U! _ )
dz 2 dz '

nT

D is the ordinary coefficient of diffusion, and _. is the thermal

diffusion factor. In general, a is positive. This means that in the

_ua_# state _,,e _h_e_ gas +_ +_ concentrate toward the higher

temperatures.

Since the concentration of the constituent A is small co_azed

with the bulk composition, the diffusion will not upset the hydro-

static - "_'" _ _,,11, T_ _,_., _ _ (_q) _ b_

rewritten in terms of the vertical concentration of the constituent

A as

_nA 1 r 1 -=_t dT ] FA(_)
d---z = - nA(z) r _ + _- T d--z D

(49)

H is the scale height for the _ajor constituent. The first term on

the right-hand side of the equstion gives the equilibritm_ distribution

for a diffusing component where no account is tahen of the slnh

corresponding to the escaplnggaso

If the last term in (49) is neglected, the ratio of the minor

constituent A at two levels, Z I1 _ z2 , is given by

nA(rl) _T(r2 )_ i ....... R

t_

(50)

P
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where _ is the ratio of the molecular _msses of A and B o

= mA/m B (51)

Equations (49) and (43) can be combined to yield the expression

for the vertical distribution of a minor escaping component,

anA
dz= - hA(Z)r 1 (i- _)_d_7

-- k_ + T d-_J"

2w J
r

For a two-component gas with collision cross section _, the

coefficient of diffusion D is

1 1

=32 n,-_a (! +--m_AA J
(53)

where a is the atomic radius (Chalmmn and Cowling, 1939)o The

diffusion coefficient thus varies inversely with the total concentra-

tion of t)_e gas and directly as the square root of the temperat_reo

Equations (50) and (43) can be combined to yield the escape f_:'x

at the critical level in terms of the concentration of the minor

constituent at the level at which diffusive separation begins,
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y:r.,:!o,eu that the ]:_ac....effect of the diffusion on the vert'.ca_.

.... _ ....... _,.._n of the -'_ .... -..........u__,.,,z constituent ls neglected. /hl_erna_J.,,e...y:

_,,e can calculate the escape flmx for a given component usin.z (43)

and the co:'.centra_lo_,s de;-ived for various model atmospheres dis c-.zsc, J.

•bhah thermal dii'fr.sion is neglected in calculating the model atr.os-

]_!ei.'es. Ue note C;'om (50) that the effect of therm.al di:['f.:.s-or__is

to :'.-_creesethe concentration of the minor constituent a b -4he c_c_._,_._""_

level, s'.nce _ is positive. _e proportional increase of the n_.::;:ber

difi"'.s'.cn is equal to

(54)

:£:ere z is the height at which diffusive separation Legins, and z
O c

is %he cL'ibical height. _e _:;agni'c-,:de of _ is uncer_a:!.n_ b_:-b i% :[s

c:'s_o:::ary to ta:'e values of about 0.4 (Grew and Ibbs, !_52). Ue

u"...."_ thus' ea!cu__ate the escaioe flu:: :_'_z' a modcl atmosi-L_e-'e .......,.s_.,<s (43

_a::'._C the correction for thermal dif'_t'.sion given in (54). The

• J m 2 'ca!c_.la,e<_ f!'_u_" will then be a _:}ax:;.m,.,n f!vc_ since no _ ............

of the ci'fect of escape on the dill:sic:-. Bates and I,_D_,,e_]. (!_,)

,_,... ,z _4a_ the bach effect of az;.,.us_..ou is neglzg_b!e e::ceDt w_;cn _-zc

csca_:e rates become large.
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Escape of Heli_n from the Earth'sAtmosphere

Using the model for the atmosphere described in Section II_

we find that, at a temperature of 1700 ° at the critical level, the

escape rate fo_ helium 4 is 7 x lO4 atoms cm"2 -1sec . At the same

tempcrat_u_e, the escape rate for helium 3 is 6 atoms cm-2 sec -1 At

-2 -1
2100°K, the escape rate of helituu 4 is 1.2 x lO6 particles cm sec

and the corresponding escape rate of Imlium 3 is 50 particles

cm sec • The numerical values obtained when we use the model

atmosphere described in Section II are somewhat greater than those

obtained by Bates and McDowe!! {IoCo_ __ +_ _a_1_ _._.1_1_ ._.

hS.gne_ concentration of helium at the beginning of the diffusive layer.

Consideration of the solar cycle and diurnal fluctuations in

temperatt_e at the escape level indicates that the temperature at the

escape level is 2100 ° less than 1 percent of the time. The temperature

_1ould be at 1700 ° or above less than lO percent of the time° An

integration in time over a solar cycle yields an _verage rate of

-2 -1
escape of helium 4 of 6 x lO 4 particles cm sec . This rate of

escape corresponds to the rate of escape of helium 3 of 4 particles

-2 -1
cm sec • Both these values are less than the estimated rates of

influx into the atmosphere. The rate of influx of helium 4 is at

least a factor of 2 greater than the indicated escape rate and _ay be

an order of magnitude greater. It is thus clear that helium 4

cannot be in a steaqy state at present if therral escape is the



-63-

mechanism by which hcf i_un 4 leaves the atmosphere. This point was

first noted by Bates and McDowell (1957), and newer data fully

confirm their suggestions.

Since the present content of _ __'- at tLme_e_ would ........_ ÷

of the order of 2 x 106 years, it is clear that either some mechanism

by which helium could escape has been overlooked or that conditions

in the past differed from those holding at present. In the second

suggestion what is needed is an effective heat source that will raise

_O
the average temperature of the escape level to some _ .

The additional heat flux needed to raise the average temperature

to 2200 ° would require detailed investigation, since the number of

competing effects is large. However, a rough estimate follows from

using (14) and substitutir_ numerical values appropriate for the

models discussed in Section II. An increase in the total heat fl_

-2 -1
of 1 erg cm sec increases the average temperature about 900°K_

_e average temperature over the last solar cycle has been about

!400°K. An additional heat fluz of about 1 erg am "2 sec "l is required

11o-__ heli_u_ to escape at a rate sufficient to heep up with the present

-2 -1
Droductic__. An additional heat source of 2 ergs cm sec would

2 -1
result in an escape fl_ of helitnn 4 greater than lO7 atoms am- sec

_i_.esees4-;mates must necessarily be crude, since we assume that the

condit:'ons at the beginn_Tng of the diffusive layer remain constant

while t_]e conditions at greater heights change in response to the

c_an_jlv_ energy input.
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At present, helium 3 is also out of equilibriums% _._ith a production

rate slightly greater than the escape rate if only galactic cosmic

rays contribute to the production of helium 3. If, in addition,

there is an infl_ from solar cosmic rays, then the excess of the

-2 -i
_-_,4....+_ over +_,,_escape rate is about !0 atoms cm see • __ne content

of helium 3 has built up in a time of about 5 x 10 5 years. Since

the content of helium 4 can be built up in a t h:!e of about 2 x 10 6

years, it can be concluded that _.;ithin the last, 10 5 to 10 6 years

conditions in the Lq).per at_'._osphere have been radically diffel'ent if

,.,.,,,u._,._,_.,.escape is the _ ...... _"'" .....

'l_e cor_nents of the above paragraphs depend on the ass_mtption

tha",i 5hermal processes alone az'e responsible for the escape of holi',m_..

'- ,-Bates and Patterson r.,a_cthe _nno'__._an_ st,cg,estion bhat _he

_'ecombination of IieO4"p_-oduces helium atoms _;ith a hinetic energy in

excess of the 2.4 electron volts that are required for escape from

the exosphere into interplanetary space. A nonthermal process for

the escape provides a neat solution to the heliu_n prob3em, but Dhe

relevant rates of reactions and energy relations are most un_eroalno
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V, EFFECT OF THEMAGNETIC FIELD

Introduction

The direct effects of the magnetic field on escaping particles

are well understood. There is no interaction between the magnetic

_I_ and the _-_=_+_'_Iparticles. ....._s _ as ionized particles are

concerned, the magnetic field restricts their motion to a direction

tangent to the field, so that ionized particles cannot escape except

where the field lines open out into outer space. _ne indirect effects

of the magnetic field are complicated. The magnetic field acts as a

-_ _ _^ _ ......_ _ _7_ _-_:_v_]y _r4_ off the

low-energy particles and preventing these particles from entering aug[

heating the atmosphere. In addition, the magnetic field also

interacts with the plasma; the plasma generates mmgnetohydrodynamic

and low-frequency electromagnetic waves that penetrate into the

ionosphere where they are attenuated. Dessler (1959)' firs_ pointed

out the possible importance of magnetohydrodynamic waves as a heat

source in the t_per atmosphere. In addition, the interaction of the

field with the plasma will result in a disordered electric field.

_e electric fields may accelerate electrons into the kilovolt

range. The energized electrons provide an additional heat source

if they can penetrate the magnetic field.

The behavior of ionized par c_._les in the upper atmosphere di_,:_

from the behavior of the neutral _m_t::cles principally because of the

long-range Coulomb force interaction between ionized particles and the
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interaction of the ionized particles with the magnetic field. As

a result of the Coulomb interaction, a charged particle exchanges

its momentum not by single collisions, but in small bits through

distant interaction. Because of the small but frequent exchanges of

.... _...... _l_ _........ _.... _ _i_ part _ its ..... +_,__,_,,e,_,,, a _ _ may +__ an a_ _a_ ...............

in distances short compared with the distances a particle must travel

to exchange all its momementum. The effective collision cross section

is thus not easily defined, but for temperatures of the order of

lO00 ° the cross section for the interaction between ions is abou._

_ as great as the cross _=_-v_. -u_ -_._._,_ __ __

i-.a_oicles.

In the exosphere, the gas is partially ionized and there are

several mean f_-ee paths corresponding to neutral-charged particle

collisions, neutral-neutral collisions, and charged particle inter-

actions. In addition, the inelastic processes such as ionization-

recombination charge exchange introduce further complications. The

difference between the neutral-neutral mean free path and the neutral-

charged particle mean free path is small. Over the entire exosphere;

the neutral gas mean free path is in excess of l0 l_n, and is large

compared with other lengths except the scale height that characterizc_

the motion of the chargcd particles. It is because of this large

<_._f!'cremce in the representative length scale of neutral and charged

Darticle gas that it is usually assumed that the two gases act

Ln(_ependent!y. _wc_er_ for _arge d_sturbances _ the ].ower exos_erc
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this no lozger holds true, and the neutral gas exerts a heavy in-

fluence in damping the organized motion of the ionized gas.

Because of the interaction of the magnetic field with the

charged particles, it is possible to treat the ionized gas as a

continuum even for processes where the length scales are short

compared to the effective mean free path. Because of the magnetic

field, the charged particles spiral around the lines of force° The

motion of the charged particles in directions at right angles to the

!ine of force is greatly restricted, whereas the motion along the

line of force is largely independent of the magnetic field.

Direct Effect of the Field

The magnetic field will exercise acontrolling influence on the

escape of particles if a particle leaving the_exosphere with a

velocity greater than the escape velocity becomes ionized before

leaving the region dominated by the earth's magnetic field. The

escape velocity at 600 km is 10.7 km sec -I. The boundary of the

magnetosphere is at about i0 earth radii on the sunlit side (Cahill

and AmaZeen, 1963). It would thus take an escaping particle less

than two hours to pass out of the region where the earth's magnetic

field might interact with the particle. The outgoing particle can

become ionized either by charge exchange or by photoionizationo

Ass_m_.ng an average atmospheric density of 3.03_Tonj.zec__art_.cles cm-3

and multiplying by the mean velocity and the charge exchange cross
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section, we obtain :the result that a particle would have to spend

about a week in the outer exosphere before becoming ionized. The

time scale for ionization due to interaction with extreme ultra-

violet is even longer, on the order of a year. It is thus clear that

on the average an escapir_ neutral atom will pass through the

magnetosphere without becoming ionized.

Thermal Processes Associated with the Magnetic Field

The indirect effects of the magnetic field on the temperature

in the high o+.... _............_ _+_ ..... _ __ o++o_+ .._ _o _o

to present a quantitative theory.

In considering the indirect effect of the magnetic field, we

need to review data on the solar wind and the theory of the inter-

action of the solar wind with the earth's magnetic field. Flights

of Explorer lO and Mariner 2 established certain of the properties of

the low-energy particle radiation from the sun° Neugebauer and

Snyder (1962), from observations on Mariner 2_ found that for

quiet, nonstorm conditions the plasma flux was 1o2 x lO8 cm-1 sec -1,

with an energy density of 4.4 x lO "9 erg cm "3 and a magnetic field

energy density of 1.0 x lO "lO erg cm -3 For a velocity of 600 km

-i 2 -i
sac , the energy flux is then 0.26 erg cm" sac . These values are

in general agreement with data obtained by Explorer lO (Rossi, 1962)o
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The interaction of the plasma and the earth's magnetic field

will lead to a distortion of the field° This problem has been studied

in great detail by Beard (1960, 1962)_ Dungey (1961, 1962), Hurley

(1961), and Slutz (1962)o In these models, the dynamic pressure of

2
+_o_ _._o_o with n par +_ _ _ _ _a _1oc_+.y.____ _ is D_ _ ,

P P

and is balanced by the magnetic pressure BY/SN interior to the

bounding surface. The magnetic pressure includes contributions both

from the dipole and from the current field associated with the

cavity surface°

The calculations of the boundary shape are most appropniate along

the sun-earth line, whereas the shape of the magnetic cavity in the

downwind direction remains most uncertain. Equating the magnetic

and dynamic pressure yields the distance from the center of the

earth r to the bounding cavity along the sun-earth line_
O

ro = .[,,o/32w2 ]MI/3/pol/6 (55 )

where M is the magnetic moment, and Po is the dynamic pressure° The

linear dimensions of the cavity thus vary as a one-third power of the

surface field and inversely as the one-sixth power of the plasma

pressure. The interaction cross section of the earth varies as B2/3_

Using values for the interplanetary flux and observations of

the s_rface field, we see that the radius of the cavity in the
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direction toward the sun is of the order of 9 earth radii (Cahill

and Amazeen, 1963). The interaction cross section of the earth

with the solar plasma is thus of the order of 300 times the cross-

sectional area of the solid earth. If all steady energy of the solar

plasma intercepted by the m.agnetosphere could be _mneled into the

atmosphere, the energy flux into the atmosphere would be about lO0

-2 -i
ergs am sec •

Most of the studies of the magnetospheric cavity have been

__d w_ _h_ _ay-_+o_ _op_ _ _I_ __= _v

undergoes a wide variety of fluctuations (Neugebauer and Snyder,

1962). The observed low-frequency fluctuations in pressure will

interact with the bounding surface and give rise to hydromagnetic

waves. In additionj higher-frequency fluctuations associated with

the disordered electric field will give rise to low-fre_ency electro-

magnetic radiation.

The generation and transmission of hydromagnetic waves is a

complicated problem (MacDonald, 1961)o Under conditions in which

the magnetic field pressure is large compared with the thermal

pressure, one mode is propagated almost spherically at the Alfv@n

wave velocity. Another mode propagates the vorticity of the fluid

motion one-dimensionally along the magnetic lines of force, again at
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Alfv_n velocity. The third mode is a perturbed-sound mode and is

unimportant for conditions where the mean free path along the line

of force is very large.

As the plasma streams past the bounding s_face of the magneto-

sphere at velocities greater than the local Alfv4n velocity, waves

can be generated in the surface of the magnetosphere either through

shear instability or by the fluctuations in the dynamic pressure

(Dessler and FeJer, 1963)o The action of the fluctuations in dynamic

pressure c_n be --_,,_ _-_ __ _+_+_,._ _o_ _ __

that there is a pressure fluctuation with a certain length scale Lo

This fluctuation will tend to produce longitudinal waves of the same

scale L traveling at various angles to the solar wind° In general,

the wind speed will be different from the phase velocity of the

waves. However, if the component of the wind speed, resolved in the

direction of the wave, just equals the velocity of the wave, then

there is a matching between the fluctuation in pressure and

the mode of oscillation° A kind of resonance takes place, and the

wave amplitude builds up° The local Alfvgn velocity at the bounding

surface is of the order of one-tenth the streaming velocity of the

plasma. Since the rate of build-up is greatest when the resolved

component of the velocity equals the phase velocity, we should

expect that the fluctuations in pressure would be most effective on

the circular region on the bounding cavity where the circular region

subtends an angle of about l0° .
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Waves_generated along the bounding surface will be trensmitted

inwardly with- a_'longitudinal mode propagating spherica/l!y while the

transverse mode is guided along the lines of force° Both modes are

trapped within the magnetosphere° These modes then pass into a

_ _'_ore +_ density _ .... +_l _o_+_io_ _ ........ _ high +_+

the collisions of the ionized particles with the neutral particles

remove energy from the wave at a high rate (Dessler_ 1959; Francis

and Karplus_ 1960; Karplus et alo, 1962)o However_ part of the

energy can be converted into electromagnetic energy and propagated

_ .... _e earth's ,_e_"@_a__ a_,._.=_ .......= a_ _ ..... _4 ......... +_

waves. Observations at ground level can thus provide some estimate

of the intensity of hydromagnetic waves in the upper atmosphere°

For example, Ness et alo (1962), in a power spectral analysis of

geor,_agnetic fluctuations at Fredericksburg_ Virginia., found, in the

frequency interval 0 to 0°5 cps, energy of 0oi erg cm'3o _%e

spectrum peahs at about 0oi cps with a Q of about 60 Similar values

of Q for giant pulsations have been obtained by Sugiura (1961)

Since Q is related to the rate of energy dissipation by

_/dt = 2E_fQ -I

where E is the peah energy, and the left-hand side is the energy

dissipated averaged over a cycle_ the quiet_time rate at which energy

is 0_issipated in the frequency range from 0 to 0.5 cps is tl_en of

the order of i x 10 "14 erg em -3 sec "'I. With _n Alfv_n velocity"_ on



8

io9 -ithe order of cm sec , the energy flux into the ionosphere due

to hydromagnetic wave dissipation in this frequency range is 10 .5

-2 -1
erg cm sec .

.......... _ ............ e _a_,,_a a_ the _ .... _ ..... _ ...... _,_

sufficient energy to account for t,he extra heating required by the

satellite data, It is apparent, both from ground observations and

from satellite measurements that the energy available in the plasma

fluctuations is not radiated into the ionosphere by the hydromagnetic

o
waves, at least In _ _ ........... _ ^_- _

the intriguing question as to the energy density within the frequency

range 1 to i000 CpSo Observations both at ground level and in space

are inadequate to give a proper estimate of the energy flux in this

range.
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VIo SU_hRY AND CONCLUSIONS

_e high degree of correlation between the solar activity as

measured by the lO°7-cm flux and the change in density of the

atmosphere as measured by the satellite drag, coupled with the phase

relations, stror_ly suggests that the solar wind is involved in

heating the ionosphere. However_ this heating cannot take place at

the low-frequency end of the hydromagnetic wave spectrum° The

additional energy may be transferred by higher-frequency wave.B or by

hlgh-energy electrons. However, neither mode of energy transfer

Until the present additional heat source is clearly identified_

considerations of the possible change of the thermal conditions in

the upper atmosphere must remain speculative° However, a few

comments seem appropriate° If high-frquency hydromagnetic and low-

frequency electromagnetic radiation is an appropriate heat source,

this heat source would increase with an increase in the cross-

sectional area of the magnetosphere and with an increase in the

fluctuations in the particles emitted from the sun. The cross®

sectional area varies as B2/3. An additional heat source in the past

-2 -1
averaging 1 erg am sec would require that the cross-sectional area

should double, and this in turn would require a magnetic field 2o8

times the strength of the present field. This assumes, of course#

that the energy in the high-frequency hydromagnetic wave is proportional
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to the cross-sectlonal area° If it is, even the historical fluctuations

in the magnetic field must have produced important changes in the

temperature of the upper atmosphere°

been much weaker in the past than it is at present o This would then

allow the solar flux to enter° The protons would deposit their

energy at heights above about, 200 km, since the mean energy of the

solar wind is of the order of I to i0 kev o The energy flux of 0o13

-2 -1 .....,= _.

for interaction with the plasma would not be enlarged by the magnetic

field° In this case, the mean energy of the plasma rather than the

fluctuations are used to heat the atmosphere. The present quiet-

time flux would not be sufficient to raise the temperature to that

required for helium to escape° However_ the actlve-time solar flux

may be a factor of 4 to 5 times Greater than the quiet-time flux if

the solar wind is proportional to the lOo7-cm radial fluxo However_

this increase in flux would hold only over a short part of the solar

cycle; and the temperatures on the average would not be great enough

to provide the required escape of helium°

It thus seems clear that the removal of the magnetic field is

not sufficient by itself to provide the required escape of helium°

An increase of the field by a factor of 2 or 3 would give rise to

the required escape fl<tx, provided that the energy in the fluctuating
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plasma could be transmitted from the boundary of the magnetosphere

and deposited within the ionosphere° Over geologic time_ on the

average, the field would have to be twice the present field ten

percent of the time.

Alternatively, it may be assumed that the ultraviolet part of

the solar spectrum undergoes long-period variations that are of the

same order as its mean value. This again could account for the loss

of helium. One additional source of energy which has not been

the atmosphere. Calculations coupled with observation of the ground_

level pressure spectrum (MacDonald, unpublished) indicate that this

source is not sufficiently strong to produce the required extra heating

of the upper atmosphere. Furthermore, it is difficult to imagine_

on time scales of the order of a million years, large-scale changes

in the source of the gravity waves, since they are generated by

motions in the lower atmosphere.
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HYDROMAGNETIC WAVES IN SPACE

Gordon J. F. MacDonald

Institute of Geophysics
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Since the work of Herlofson (1950) and van de Hulst (195l)

it has been known that in a compressible, non-dissipative, hydro-

magnetic medium, small amplitude plane waves are propagated at

three distinct speeds corresponding to three different polari-

zations of the fluid displacement. The theory of hydromagnetic

waves has been discussed by many authors. Lighthii] (1960)

developed a comprehensive theory for the propagation of small

ampiltude waves in a spatially homogeneous medium. The propa-

gation of weak hydromagnetic discontinuities has been considered

in an elegant fashion by Bazer and Fleischman (]959@,b) and in

particular these authors treat propagation in an inhomogeneous

medium. Bazer and Hurley (1963) developed a complete theory

of geometrical hydromagnetlcs and their results are of direct

applicability to the study of the propagation of relatively

high-frequency hydromagnetic waves in the Inhomogepeous ionized

gas surrounding the earth.

It is readily shown that the wave transmitted at a speed

intermediate to that of the other two is purely transverse in

that both the fluid displacement and the magnetic disturbance

are normal to the direction of propagation and to the initial

undisturbed magnetic field. This non-compressive, pure shear

wave is commonly called the intermediate or A]fv_n wave.



The other two types of propagating disturbances involve

displacements that are co-planar with the propagation vector

and the undisturbed fle]d. These waves involve compression

which alters the thermodynamic state of the medium and they

are labelled magneto-acoustic waves.

While the theoretical development of the propagation of

hydromagnetic waves has been rapid, there has been relatively

less work concerned with the experimental study of hydromagnetic

wave propagation. The laboratory observation of hydromagnetic

waves requires an ionized medium with a magnetic field of such

strength that the magnetic restoring forces are comparable to

the ordinary elasticity of the fluid. These conditions are

difficult to meet. The earth, however, is surrounded by a low-

density, partially ionized medium in which the earth's magnetic

field constrains the particle motion. This region (magneto-

sphere) gives way to interplanetary space dominated by streaming

plasma issuing from the sun. In both regions, the magnetic

restoring forces are significant and true hydromagnetic waves

can propagate.

_t has long been known that the magnetic field at the

earth's surface undergoes a wide variety of disturbances. Many

of these disturbances have the character of an almost periodic

variation with periods ranging from tenths of seconds to several

hundred seconds. These oscillations have been interpreted as

due to the propagation of magnetohydrodynamic waves in the
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magnetosphere through the ionosphere and into the neutral

atmosphere. At the boundary of the ionosphere, the medium
t

changes from a partially ionized gas to a wholly neutral gas.

Part of the energy contained within the traveling hydromagnetic

wave is transmitted as an electromagnetic wave. At the relevant

low frequencies, the wavelength of the generated electromagnetic

wave is very large.

Jn addition to ground observations, many measurements have

been made of the magnetic field in nearby space, both within

and outside the magnetosphere. These measurements again demon-

strate the existence of almost periodic variations of thei

magnetic field, and attempts have been made to interpret these

observations in terms of the propagating or standing hydro-

magnetic waves.

In a plasma, a large variety of waves can be propagated.

We will be concerned solely with those waves which are truly

magnetohydrodynamic. Thus, we restrict our consideration to

waves having frequency and wavelength which are sufficiently

large so that the plasma acts as a continuum. In the following

section, we describe conditions that exist within the outer

regions of the earth's atmosphere and in neighboring space so

as to delineate the frequency-wave number space for which the

continuum approximations are appropriate. In the following

section, we take up the description of waves :_n a compressible,

non-dissipative, hydromagnetic medium. The detailed geometry
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of the wave solutions are described and the observable properties

of the waves are considered in some detail. The problem of the

refraction and reflection of hydromagnetic waves at sharp

boundaries is considered from an elementary point of view.

The questions of propagation in an inhomogeneous medium are

not taken up in detail since they have been treated by Bazer
i

and Hurley (]963). Furthermore, the influence of the earth's

gravity field is neglected as this has been considered by

MacDonald (]96]).

The observations of hydromagnetic waves at the surface of

the earth and in satellites are next considered. The observa-

tions are by no means complete and are unsatisfactory in many

features. The spectral characteristics of the vector field

remain, for the most part, unknown. Moreover, the lack of

uniform instrumentation and the dearth of digital recording

magnetometers at the earth's surface limits the description of

high-frequency magnetic variations at the earth's surface.

There are similar difficulties with the description of hydro-

magnetic waves in space. The interaction of the solar wind

with the earth's magnetic field undoubtedly gives rise to much

of the magnetic activity observed at the earth's surface. In

addition, turbulent motion of a plasma can generate a magnetic

field and, in the process, radiate energy in the form of

magnetohydrodynamic waves. However, there is no adequate

theory for the source of the observed magnetic fluctuation.



Plasma in the MaQnetosphere and N@arby Space

A summary of the conditions existing in the outer magneto-

sphere and in interplanetary space as derived by these observa-

tions is shown in Table I along with average conditions in the

solar corona. In addition, the important parameters describing

the plasma are also listed.

The region between 100 km and _he boundary of the earth's

magnetic field is filled with a partially ipnized gas of low

density. In the lower part of the region, the concentration

of the ionized particles is small compared with the neutrals,

but at higher altitudes, the balance shifts with ionized particles

dominating. A typical value for the concentration of ionized

particles at 1000 km is 104 O+ with somewhat fewer He + and

less than 100 H + all at a temperature of 1500°K. At 25,000

km, the ionized gas would consist of about 100 H + -3cm The

temperature and abundance of neutral and ionized particles

changes with a diurnal cycle and with the solar cycle. In the

outer regions, the conditions are most uncertain since they

have been studied only through the propagation of whlstlers

(see also, Gringauz, 1962a). In addition, calculations of the

vertical distribution, assuming a diffusive _quillbrium, have

been carried out (Nicolet, 1963).

The conditions in nearby space have been probed by a number

of Soviet vehicles (Gringauz, 1962b) and by Explorer 10 and

Mariner 2. The most detai]ed results have been published by
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Bonetti et al. (1963) on the plasma observations and by Hepner

et al. (1963) on the magnetic observations made by instruments

aboard Explorer 10. Preliminary reports have been given by

Neugebauer and Snyder (1963) and by Coleman et al. (1962) on

the plasma and magnetic field observations made by Mariner 2.

The results obtained by these vehicles are in general agreement

with those obtained by the Soviet observations (Bonetti et al.,

1963).

In a plasma, the Debye length is defined as the distance

over which the removal of all charged particles of one sign

would result in an electric field comparable to kT. In the

outer magnetosphere, the Debye length is a few tens of centi-

meters while in nearby space, it is on the order of tens of

meters. These distances are large compared with the Debye

length in the solar corona which is on the order of lO -4 cm.

From the particle density and the Debye length, the number of

particles in a Debye sphere can be calculated. In the magneto-

sphere, the number of particles is on the order of lO 6 so that

a charged particle can interact with another charged particle

at distances some lO 6 particle diameters away. The number of

particles in a Debye sphere in interplanetary space is even

greater, on the order of lO I0 The product of the Debye length

and the interparticle spacing is proportional to the square

root of the ratio of the mean kinetic and interparticle potential

energies. When the mean interparticle potential energies are

much greater than kinetic energies, the ions and electrons can
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recombine. For plasmas in the interplanetary space and in the

upper magnetosphere, the Debye length is far greater than the

mean inte_particle spacing concentration. Thus, in these

plasmas there is little tendency to recombine and the gases

are highly ionized.

A quantity of interest is the Debye frequency. We consider

a steady initial state in which there is an initial number

density of n electrons cm -3 neutralized by an equilibrium number

of ions. The electron density is disturbed and we are interested

in the subsequent behavior of the disturbance in density. The

disturbance will oscillate with an angular frequency _p, given

by _p2 = 4_ne2/m. The plasma frequency in the outer magneto-

sphere is on the order of 10 6 c/s. The plasma frequency in

nearby space is somewhat less, on the order of 1 x lO 5 c/s.

The plasma frequency is not of direct interest in studies of

the propagation of hydromagnetic waves, but since it determines

the free oscillations of the plasma, it is clear that only

frequencies much greater or much less then the natural response

frequency of the plasma can_be propagated.

While the plasma in nearby space is almost certainly nearly

completely ionized, the plasma in the upper ionosphere and lower

magnetosphere is partially ionized. In a partially ionized gas,

there are several mean free paths corresponding to neutral-

neutral collisions, neutral-charged particle collisions, etc.

Inelastic processes, such as ionization and recombination



introduce further complications. The neutral-neutral mean

free path is the distance a neutral particle must travel before

it exchanges its momentum by a direct collision with another

neutral particle. The difference between the neutral-neutral

mean free path and the neutral-charged particle mean free path

is small. Over the entire magnetosphere, the neutral gas milan

free path extends several kilometers and is large compared with

other lengths that characterize the motion of the charged

particles°

As a result of Coulomb interactions, a charged particle

exchanges its momentum, not by single collisions, but in small

bits through distant interactions. The large number of particles

within a Debye radius of a charged particle indicates the number

of possible interactions. Because of the small but frequent

exchanges of momentum, a particle may transfer an appreciable

portion of its momentum in distances that are short compared

to the distance a particle must travel to exchange all its momen-

tum. In the outer magnetosphere, the mean free paths are on the

order of tens to hundreds of kilometers. In space, the mean

free paths range from substantial fractions to tens of astro-

nomical units. Thus, in nearby space, the mean free path is

long and the collision frequency between particles is very low.

In a magnetic field, a second length becomes important,

the Larmor radius, rL, or the radius of the circle formed by

the particle orbit about the magnetic lines of force, r L = nvc/eB,
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where v is the velocity tangential to the circular orbit and

B is the magnetic field. For a proton, the ratio of the Larmor

radius to the mean free path is a very small number over the

outer magnetosphere and nearby space. Under these conditions,

the behavior of the plasma is determined by the interaction of

the charged particles with the magnetic field rather than the

interaction between pairs of particles. In the magnetosphere,

the collisions can be of importance, but in nearby space, the

plasma acts very nearly as a collisionless medium. The hydro-

magnetic behavior thus must be sought in the interaction between

the independent charged particles and the macroscopic electric

and magnetic fields.

Table II lists the characteristic velocities for the

various regions. It is seen that over the regions of interest,

the Alfv_n wave velocity is much larger than the sound wave

velocity. The ratio of the sound wave to the Alfv_n wave velo-

city, B, is a small number on the order of lO-l to 10-3 The

ratio of charged particle pressure to magnetic pressure is of

the order of _2. Thus, over the magnetosphere and in nearby

space, magnetic pressure dominates the particle pressure. In

the streaming plasma of interplanetary space, the dynamic

pressure pv2 is much larger than the thermodynamic pressure.

The usual conditions for the validity of the continuum

hydromagnetic approximation are obtained by deriving the single-

fluid equations with a scalar conductivity from the two-fluid
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theory. The restrictions of the continuum theory are that the

impressed frequency of the wave must be much less than the

electron gyro-frequency, the frequency of collision between

the two species of particles, and the plasma frequency. In

addition, it is required that the electron gyro-frequency must

be much less than the collision frequency. These requirements

are in addition to the usual requirement that the displacement

current be negligible im comparison with the _nduction currents.

As can be seen from the numbers listed in Table I, these condi-

tions are not met either within the outer magnetosphere or

nearby space. The electron gyro-frequency is much greater than

the collision frequency. The condition that the impressed

frequency be less than the collision frequency holds only for

very low-frequency waves. However, these conditions apply to

the general treatment of hydromagnetic waves and it is possible

that certain waves can propagate under conditions holding within

the magnetosphere and nearby space, in particular, the inter-

mediate or purely transverse waves involve an interaction of

the particles through the intervention of the magnetic field.

There is no thermodynamic change in the medium and the absence

of particle collisions is of no consequence. Thus, this mode

can be treated by the continuum approximation even when the

collision frequency is far less than the gyro-frequencies.

Description of Hydromagnetic Waves

We consider a fluid in which there exists a scalar fluid

pressure, pS, which is a function of the entropy, S', and the
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density, p' The displacement current is neglected and Ohm's

law is taken in the form J' ' '= B x V where J' is the current,

B' is the magnetic field, and V' is the velocity. Dissipation

due to the finite viscosity and thermal conductivity of the

fluid is neglected. The action of additional external force

fields are also neglected. Under these conditions, the equation

of motion, Maxwell's equations, the continuity equation, and the

conservation of energy equation become

dV '

--- 1 Vp' 1 ' (V B'
dt - p7 - _ B x x ) (l)

V.B'= 0

dB'

- Vx (v'dt xB~ )

dt + p' V.V' = 0

whe re Q

term.

#

is the net accession of heat and provides a source

The equation of the conservation of mass can be combined

with thermodynamic relations to relate pressure and density

variations

dP' C,2 _ p (Y'-l) T-_dt dt = = "
(2)
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where C _ is the velocity of sound while y

ratio of the specific heats.

i ip t= c /c V is the

The set of nonlinear equations given in (1) can be reduce_

to a tractable linear form by the perturbation scheme

V' (3)= V + v + ...

B' = B + b + ...

p' = P + p + ...

SS= S + s + ...

I

P '= PO + P + "'"

Q'=q+...

The zeroth order state of the medium is characterized by a velo-

city _, a magnetic field B, a pressure P, an entropy S, and a

density Po" Thus, in the absence of a disturbance, it is

assumed that the medium is undergoing steady isotropic flow

and the equations governing this flow are

Po (_.V) V + C 2 + l _) 0,,, vp° T_--cBx (Vx = (4)

_.B= 0

V x (V x B) = 0

v.(_v)= 0

V.S=O
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We note that if in the initial state the velocity field V !

vanishes, Maxwell's equations are satisfied identically. The

set of equations (4) describes the time_independent zeroth-

order state upon which a disturbance is imposed.

Substituting t__) into (1), we obtain the time-dependent

linearized equation describing the propagation of the disturbance

_V

Po _T +.po (v-v) y. + Po (Y-'v) v + _ V. Vv (5)

1 ,_ 1 ,,-, ,.,_ ,.2
=- 4--_-cBx(_x o) -B--_-_-bx_v ×_j-_. _'p

V-b=O

ab
m

_t v x (V x b) + v x (v x B)

_p
B'-'C+ v.(Vp) + V(poV ) = 0

ds vS -q
d-'T+vy-," =T

For many purposes, the plasma within the magnetosphere can be

regarded as stationary and, therefore, the time independent

velocity _ vanishes. This is not true of the plasma issuing

from the sun and streaming by the earth. In the magnetosphere,

the magnetic field varies as does the density of the ionized

medium due to the combined effects of gravity and varying

magnetic field. The propagation of disturbances at high



16

frequencies in an inhomogeneous medium have been considered

in detail by Bazer and Hurley (1963). The question of the

propagation of a disturbance in a moving medium has been treated

by Fejer (1963). For the present purposes, we wish to consider

only disturbances propagated in a stationary, homogeneous

medium.

Equations (5) reduce to

av l b) - C2 v _ (6)Po at - " _-_ B x (v x

V.b=0

v x (v x B)"_'T:

a__Ep+ Po V.y= 0_t

a_s=_q
at T '

D

when the medium is stationary and the steady magnetic field

is constant in space. This set of equations has been studied

extensively and the general problems of propagation and dis-

turbances governed by these equations are relatively well

understood.

The energy equation can be obtained by multiplying the

equation of motion by _, Maxwell's equations by b, and the
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equation of mass conservation by C2p/po .

we obtain the energy equation in the form

BE
B-T + V-F,..,= 0

Adding the results,

(7)

where E is the energy and _ Is the flux

l v 2 l b2 l C2 p2

= C2p_ +_-_ (B x _) x

(8)

The last term in the expression for the flux is the familiar

Poynting vector, since in a fluid of infinite conductivity,

the electric field is given by B x v. The first term in the
_ " : _. J _':i 1,7 i. "

flux is the ordinary flux term of acoustics.

A principal difficulty in the study of (6) is concerned

with the anisotropy introduced by the magnetic field. The

magnetic field restricts the motion of individual particles

perpendicular to the field, but provides no restriction in a

direction parallel to the field. As a result, the propagation

is direction-dependent and the phase and group velocities of

the waves depend on the relative orientation of the propagation

vectors and the magnetic field. The description of propagation

in an isotropic medium is aided by the construction of slowness

surfaces in wave number space at a fixed frequency and the inver-

sion of th_se surfaces to form surfaces of constant phase.
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The propagation of a wave can be described in terms of

a phase function _(_, t). The surface

_(_, t) = constant

at a given time might correspond to a wavecrest or trough.

The phase velocity C is the velocity of the surface, the wave

number _ is defined as the normal to the phase surface

k = v _0

and is the direction of the phase velocity.

the phase velocity is

The magn_itude of

c: -aa-_t v_:E

where the frequency w is defined by w = a_/at. The wavecrests

and troughs are at right angles to the vector k and the wave-

length is 2 /I I

The equations for a given problem define a dispersion

relation between 2, _, and w. For convenience, the dispersion

relation s written in the form

w (_, ;_,_) = o

The group velocity
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dx

U-
dt

is determined from

BW / 8W

The existence of a scalar function _ corresponds to the

conservation of the number of waves, or, equivalently, of the

wave number _. The existence of a function _ implies

_2_ a2.___ _

a at - 0

or

_k
m

at + Vw= 0

Introducing the group ve]ocity, we show that the equation

for the conservation of wave number is

_k

+ Cu-V) _W=-vW a--_

in which use has been made of the fact that k is an irrotational

vector. The relation for the equation of conservation of wave

number can be regarded as a form of Hamilton's equation. On

the lefthand side is the rate of change of wave number following

a point moving with the group velocity U which is the velocity

of a group of waves having the wave number _. The number of
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waves is conserved provided the dispersion relation is inde-

pendent of the spatial coordinate; in this case, the r_ghthand

side vanishes. In general, the coefficients of the partial

differential equation describing the general physical situation

will be a function of position and the righthand side will be

finite. The wave number and frequency must be then interpreted

as the local propagation vector in frequency. These quantities

can be obtained by local arguments and their propagation in

space is then fixed by the above equation. Once _ is determined

in space by the dispersion relations and its propagation by the

equation for the conservation of wave number, it is possibie to

determine the phase function.

At a given frequency and point in space, it is possible

to construct a three-dimensional surface and wave number space

determined by

w(®, k, o

This surface will be termed the slowness surface (Synge, 1957).

Every point on the slowness surface corresponds to a wave.

Some of these waves, however, are disallowed because of the

radiation condition which allows only the propagation of energy

outward from a source in an initial value problem.

The surface of constant phase which can be constructed

from the slowness surface is the envelope at a given time of



21

waves originating from a source at a time t = O. The direction

of the wave resulting from a point on the slowness surface is

along the normal to the slowness surface. It should be noted

that the direction of the wave number k and the normal to the

slowness surface need not be the same. The crests and troughs
A_

u, the waves are then not necessarily at right angles to the

direction of propagation. Since the normal to the slowness

surface is parallel to the direction _, we have

_W

= constant _-E

where, at unit time,

'_ =

Combining the last two equations gives the surface of constant

phase at unit time

%W / _W

At unit time, the surface of constant phase is then a represen-

tation of the group velocity. This interpretation runs into

difficulty, however, when the group velocity is a function of

the spatial coordinate; in that case, only the initial wave

form can be calculated and the wave form is distorted as the

wave progresses through the medium. A further complication

arises from dispersion. Waves are dispersed if W (_, _, _)
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is not homogeneous in _ and m; the phase surface for different

frequencies will spread in time. Once the slowness surface is

determined, the surface of constant phase can be calculated.

A geometrical interpretation of the slowness surface can then

be used to describe the motion of the wave.

The set of equations (6) can be studied by examining solu-

tions which are proportional to

exp [i (k'_ - wt)]

These solutions describe the propagation of plane waves with

a wave vector _ and a frequency m. The set of equations (6)

then yield the algebraic relations

* 1 b* C2 *%®v - ,.,,) + kp~ 4_.Bx (_x (9)

_c
wb : ..,.,kx (B x *)

"A" "k

k'v_P = PO ""

where the * quantities refer to the complex amplitudes. The

density in Equation (9) can be eliminated using the continuity

equation and we obtain

C2 Po
, 1 (k.v*) kPo w v - 4_ B x (_ x C) + w _ -_ (10)
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We also introduce the phase velocity of the wave c =  /Ikl.

Equation (9) then takes the form

* Zc b = n x (B x ) (ll)

* I b*) C2 n. v*Po cv = _--_ _. x (nx +'&-- Po ( ) n

where _ is a unit vector in the direction of propagation.

Equations (ll) simplify considerably for special geometries.

Consider the wave vector k to be along the x I axis with the

plane of the wave vector _ and magnetic field as the B x I - x2

plane. In this case, the equations reduce to

cb 2 = v I B2 - v2 B l (12)

cb 3 = _ v3 B l

. C2 B2b 2

Vl (c c ) - 4_l_Po

cv 2

Blb 2

CV3* = -

4n_P o

The equations separate into two groups, one involving only h3

and v 3 and a second group involving the velocity and magnetic
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disturbances in the x I - ×2 plane. The perturbations of the

two groups of variables are thus propagated independently.

In the first group, the component h3 in the magnetic field

which is perpendicular to the direction of propagation and to

the constant field B oscillates and at the same time the velo-

city v 3 varies. The phase velocity is

c i = B 1 1 (13)

• I_ t _I_ "

w,,,_,,, in general, requires that the frequency _ be related

to the wave number _ by

® : b'k / Z_-_p° (14)

The group velocity for this wave is then

_k - B / Z4-_._° (15)

We thus see that in this wave, the group velocity is parallel

to the direction of the constant magnetic field. Thus, the

energy is propagated along the field lines and there is no

geometrical spreading of the energy. In addition, the thermo-

dynamic state of the medium is unchanged by the passage of the

wave since the density and, therefore, the pressure remain

constant.
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The relation between the disturbance in velocity v3

the disturbance in the magnetic field is

. b3
V 3 = -

4vr4-__°

Substituting into the energy equation, we obtain

1 Po Iv3 12 Ib l= 8_I_

and

(16)

(17)

in this wave, the kinetic energy is balanced by the magnetic

energy. Energy is thus equally partitioned between the kinetic

and magnetic parts, and, since there is no change in the thermo_

dynamic state of the material, there is no variation in the

internal energy.

The compatibility conditions for the mode involving the

magnetic disturbance and the velocity disturbance in the plane

of the propagation vector in constant magnetic _ield determine

the two phase velocities as

1 1 C2 B2 BIC -_I12

cf = _ + 4_l_Po +
(TrPo) 112

112
B2 BIC 1

+ i C2 + *_m_PO (trPo) I /2

C
S

l
m

2
B2 BIC

C2 + 74rrl_P0 + (_0)I/2

I/2
B2 BIC i

: C2 +- +

4_I_P0 (.rrPo)112 ,

112

(18)
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cf is, in general, greater than c s so that a wave traveling

with the velocity cf is termed the fast wave and c s the slow

wave.

Equations (18) for the phase velocity depend on the special

g_nm=_ry. I_ _=_=_=1 we can write

cf = CA {_ !2 (1 + 132 ) + 2]-- [(1 + 13)2 - 413 cos 2 $]1/2

1/2

(19)

Cs = CA.F _I (I + 132) - 1 [(i + 19)2 . 41_ cos 2 $]I/2_I/2

where CA = IBI/(4  po )]/2 , _ = C/CA, and $ is the angle between

B and n. From these relations, it is readily established that

c i given by Equation (13) satisfies the inequalities

cs _< c i _< cf (20)

>C
c s ! C , c i _

By direct calculation, it can be shown that the energy

equation for the three waves is

2

1 Iv* 2 1 C p2 Ib*li (21)-

Thus, in all waves, slow, Alfv_n or intermediate, and fast, the

energy, density associated with each of the modes is divided

into equal parts between the kinetic energy on one hand and the
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magnetic and interne] energies on the other. This point is of

considerable importance in identifying waves in space.

The above considerations clearly indicate the formal

properties of the three waves. An alternative instructive

approach to the equations fo]]ows from the introduction of new

variables. We consider the case in Which the initial magnetic

field is along the x 3 direction. We then consider a disturbance

in which p = 0, v 3 = O, and b3 = O. The continuity equation

then is

5v 2

_v] + 5x2 0 , (22)

and there is no variation of entropy.

variables _ and j

We then introduce the

av 2 av I ab 2 ab 1

_ ax I ax 2 j - _x I ax 2 (23)

= i(klV 2 - k2v I ) j = i(klb 2 - k2bl* )

where _ is the component of vorticity or spin of the fluid about

the line of force and j is the current density associated with

the disturbance.

The equations for the propagation of disturbance then

reduce to
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!L (24)
_t = CA2 _x 3 _t = _x 3

* 2 * * *

- w_ = CA k3 j - wj = k3g

® = cA k3 , (2S)

where CA is the Alfv_n velocity. The vorticity about the line

of force is propagated along the line of force at the Alfv_n

wave velocity as a one-dimensional wave. The thermodynamic

state of the system remains constant since the variation of

entropy and pressure vanish. Associated with the propagation

of the vorticity, there is a variation of current density along

the line of force. This interpretation of the intermediate

wave in terms of a one-dimensional propagation of vorticity is

important in considering the propagation of hydromagnetic waves

in nature. Because the wave is propagated one-dimensionally,

there is no geometrical spreading and, provided that dissipative

effects can be neglected, an initial disturbance remains constant

in amplitude along a particular line of force.

The other two modes are not separable.

relation is

The dispersion

- 2)(w2 CA k32)2 = (_2 C2 k3 (26)

- CA2C 2(CA2 + C2) _2 k32

where 2 = kl2 + k22 The propagation is thus symmetrical

about the x 3 axis.
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For specified values of the wave number k at frequency _,

Equation (26) determines _2. The value thus determined might

be negative; but x must be real since the system is conservative

and assumed stable. The values of frequency and wave number

resulting in a negative _2 do not give an allowed eigen solution.

The region in the w - k3 plane of permitted waves is shown in

Figure I. The upper lefthand region of the diagram is bounded

by the line w = CA k3. Over this region, x2 > O. A second

region of allowed solutions, is bounded by the lines _ =_'C k3

and w = k3 CA C / _ CA2 + C2. Along this line, the wave number

becomes infinite. This is interpreted physically as the

vanishing wave length.

The diagram in Figure l is scaled so that _ = C/C A = 0.5.

The upper lefthand region corresponds to the propagation in

which the two-dimensional divergence of the plane perpendicular

to B is propagated at a speed cf. The narrow region corresponds

to the propagation of the slow wave. The lines bounding the

regions of allowed solution are straight, since the dispersion

relation is homogeneous in frequency and wave number; both modes

are propagated in a uniform medium without dispersion. It

should be noted that the line • = CA k3 corresponds to the

intermediate or Alfv_n wave which has been separated out of

the dispersion relation by the choice of variables.

The slowness surface corresponding to the diagnostic diagram

of Figure l is shown for a fixed frequency • in Figure 2. The



0

V
0

0

0

0

0

v

qJ

qJ

qJ
L o.

0
L

>
r0 L.

4- E

E _
L. r- qj
0 0 >

•- _
c qj

r-

qJ x_

•- rO
.c 0

f" _ L_
0 L
o- __

q) c

0 qJ 0

o. _-_

>_ __ _

6

c U U

E _ ,,_

L. _ U
0

¢- CO

0 • U
0

"13 C_ .--
_" _ U
O_ _ r" 0

• -- U _3
"(3 u_ "_ >

U u_ "0 qJ
.... q3 ul

E _ c-
O cO _ o.

_ 0

°_

qJ
L.

°_

Lz.



3.O

K

1.0

_--0.5

¥-_ 0.0

U-O.O

Figure 2:
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Slowness surfaces for propagation of hydromagnetic waves in

a uniform medium. The complete surfaces are obtained by

rotation about the k 3 axis and reflection across the k 3 = 0

plane. The unit of wave number is u/C A . The lines of force

are paral|e] to the k 3 direction. The near-sphere corres-

ponds to wave propagation at phase velocity cf. The plane

corresponds to waves propagated at phase velocity ci, while

the waves along the plane with a bump are propagated at a

velocity c s.
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complete surfaces are obtained by rotating the k3 - _ plane

about the k 3 axis and reflecting across the plane k3 = O. The

two sheets of the slowness surface determined by the dispersion

relation of Equation (26) are a sphere flattened along the

direction and a near plane with a bump toward the origin. In

addition, the plane representing the one-dimensional propagation

of the vorticity has been added. Thelnear sphere corresponds to

the nearly spherical spreading mode propagating at a phase velo-

city cf.

The surfaces of constant phase can be constructed from the

slowness surface. Figure 3 shows the wave form with unit time

for a source located at the origin and time t = O, and for

= 0.6, 0.8. The magnetic lines of force are taken along the

x3 axis and there is cylindrical symmetry about the x 3 axis

and across the x2 - x3 plane. The unit of distance is CAt.

The slowness surface for the intermediate mode degenerates to

a point on the x3 axis since this mode is propagated one-

dimensionally. The fast mode represented by the sphere flattened

along the x direction in wave number space maps into a sphere

flattened in the x 3 direction. The inverse property of the

slowness surface is illustrated in the wave surface for the

fast mode. The phase velocity in the direction perpendicular

to the lines of force is greater than the velocity along the

lines of force.
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The slow mode is propagated almost one-dimensionally along

the line of force. The surface of constant phase has the form

of a cusp with a conical point on the x3 axis. This cusp sur-

face is subtended by a cone at the vertex of the origin. The

angular bounds of the cone increase with increasing 8 up to

= ].

The discussion above has been based on the assumption that

the undisturbed medium is everywhere continuous. We now consider,

in outline, the problem of propagation where a surface of dis-

continuity separates two different states of the undisturbed

medium. The discussion is not completely appropriate since the

ionosphere-neutral atmosphere and the magnetosphere-interplanetary

space boundaries are gradational rather than sharp. Suppose that

one of the three disturbance waves is incident on the surface of

discontinuity. The basic problems of the theory are then the

determination of the laws of reflection and refraction, the

motion of the scattered phase fronts, as well as the strength

of the various waves in terms of the strength of the incident

wave. The problem has been discussed by Ferraro (195_), Roberts

(1955), Bazer (1961), and in considerable detail by Bazer and

Hurley (1963).

We first consider the question as to what sort of reflected

and refracted waves will be generated if a plane wave of a

particular type strikes another phase. A simple, geometrical

discussion of the problem has been given by Pridmore-Brown
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(1963). Let the magnetic field lie in the plane of incidence;

then the intermediate or Alfv_n wave involves the vorticity

about the line of force and, thus, motion perpendicular to the

plane of incidence. The other two waves involve motion in the

plane.

Suppose the external magnetic field is parallel to the

interface, but discontinuous across it. In order that the total

pressure be continuous, the fluid pressure must also be discon-

tinuous across the interface. A fast or slow wave is incident

on the discontinuity. The angle between the propagation vector

and the perpendicular to the plane of incidence is _. Such a

wave will set up a disturbance or ripple in the interface which

will propagate at the speed equal to the trace velocity of the

wave. The trace velocity is cf/sin ,_ or Cs/Sin _ depending on

whether the incident wave is the fast or slow wave respectively.

A disturbance in the plane of the discontinuity will then

generate reflected and refracted waves at angles such that

their trace velocities match the ripple speed. It is clear

that the incident wave will give rise to a reflected wave of

the same species at an angle of reflection equal to the angle

of incidence. We further suppose that on both sides of the

discontinuity the Alfv_n velocity is large compared with the

sound wave velocity. If the trace velocity on the discontinuity

due to the incident wave lies above the Alfv_n wave velocity for

the second medium, then only the fast wave is transmitted. This

can be seen by reference to the diagnostic diagram shown in
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Figure I. If the trace velocity lies between the sound velo-

city C and CA/(C 2 + C_) I/2, then the slow wave will be propa-

gated into the second medium. If the trace velocity lies outside

the shaded regions given in the diagnostic diagram for the second

medium, then no wave will be transmitted and the incident wave

will be ....LvLa,ly reflected. Finally, we note that in the case

discussed with the magnetic field parallel to the discontinuity,
Q

an intermediate or Alfv_n wave will not give rise to a trans-

mitted or reflected wave, since the energy is propagated parallel

to the lines of force and no disturbance is set up in the surface

u, the discontinuity.

We next consider the case where the magnetic field is

perpendicular to the interface. In this case, the magnetic

field and the pressure must be continuous across the discontinuity.

In general, an incident slow or fast wave will generate two

reflected and two transmitted waves; in addition to the continuity

of pressure and of the normal component of fluid velocity, one

must also require continuity of the tangential component of

fluid velocity. This last requirement is necessary to.i_nsure

continuity of the tangential electric field. An incident Alfv_n

or intermediate wave gives rise simply to a single reflected and

transmitted wave of the same kind.

If the restriction that the magnetic field lies in the

plane of incidence is dropped, then all three types of waves

can be excited by a single incident wave of any species at an
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interface. Mathematically, this is because there are three

boundary conditions involving the continuity of pressure and

of both tangential components of velocity, and three waves are

needed to satisfy these.

n_ ...... .: ofv_o_,v:_,on Hydromaqnetic Waves at the Earth's Surface

The magnetic field as measured at the earth's surface with

sensitive magnetometers having response times on the order of

I/lO of a second shows a bewildering variety of variations.

Included among these variations are almost periodic variations

of small amplitude These are usually _=1]ed m;_n,,]_=_i_n_

Micropulsations vary between day and night and show great varia-

bility in duration. Certain micropulsations can be correlated

from one geographic locality to another but others are completely

uncorrelated. Some micropulsations show a high degree of cor-

relation with geophysical phenomena of various sorts while

others do not. Comprehensive descriptions of micropulsations

exist yet their origin remains very much a problem.

Geomagnetic pulsations have amplitudes that range from a

fraction of a gamma to, on rare occasions, as much as a few

tens of gamma. The periods range from O.l seconds to lO minutes.

Many of the observations have been made over the low-frequency

end of this range, while relatively little is known about the

pulsations'at high frequencies. It is customary to divide

micropulsations into three broad categories: Pc' Pt' and Pg.

Pc oscillations were discovered in the records of a very
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sensitive horizontal coil at Eskdalenuir (Hoflmberg, 1953). P
c

are a series of pulsations lasting for many hours with periods

usually in the range of 10 to 60 seconds and amplitudes on the

order of O.l gamma. The maximum occurrence frequency is during

the morning hours. Well-defined oscillations with periods less

than lO seconds ,,av_L.... been observed by Troitskaya (1961) and

Benioff (1960). Holmberg found long trains of pulsations during

the day, but at night short trains of damped pulsations. Similar

results were found by Troitskaya in which she found pulses in

the evening, and continuous pulsations in the morning. A study

of Jacobs and Sinno 1 _huw_ = _u_,aM,,,_a, va, ,aL,u,, ,,,

the amplitude of the Pc with the highest amplitude in the auroral

regions and the amplitudes continuously decreasing to the equator.

Various attempts to measure the Q of these oscillations indicate

a value of around 5.

The Pt appear as several series of oscillations, each

series usually lasting from lO to 20 minutes, but the whole

series of oscillations no more than an hour. They are well

damped, and have a longer period than Pc (from 40 seconds to

a few minutes). They have amplitudes on the order of one gamma

and at a given station can occur about once every three days.

They are found over large areas at low and middle latitudes.

As with the Pc' the amplitude variation is such that the ampli-

tudes are greater in the auroral regions and decrease toward

the equator. It is generally thought that the Pt's occur simul-

taneously over large fractions of the earth's surface. The
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pulsations are frequency associated with the magnetic distur-

bances known as magnetic bays.

Pg are the giant micropulsations. These have amplitudes

on the order of 20 gamma, and are observed only in the auroral

zone and are J,,,,_quen_ at any given station. They are observed

most frequently around midnight. The period is longer than that

of the Pc' up to several minutes, and the duration can be as

much as an hour or more. The Q of the giant pulsation is on

the order of lO or less. The extent of these pulsations in

longitude and the variation uf _,,u,f _,,d_u w,L,, position are

as yet poorly determined.

A particularly good description of the giant pulsations

has been given by Sugiura (1961). He found damped waves of a

period of several minutes with amplitudes up to a hundred gamma

in the geomagnetic field in the auroral zone. These damped

waves occur simultaneously in magnetically conjugate regions in

the northern and southern hemisphere. The waves are nearly

elliptically polarized in the plane perpendicular to the local

magnetic field.

The above description and elementary classification of

geomagnetic pulsations is far from being satisfactory since

the time records of various kinds of pulsations grade into each

other. Attempts have been made to subdivide Pc into groups

based on their frequency range. In addition, often the
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micropulsations beat, with the result that the record gives

the appearance of pearls on a string with the beating period

ranging from seconds to tens of seconds. An alternative scheme

for discussing micropulsations has been developed by Campbell.

Campbell (1962, 1963) suggests that the oscillations be clas-

_,,,=u into four period ranges_ 0.3 - 4 seconds, 5 - 30

seconds, 40 - 240 seconds, and 240 - 600 seconds. The high-

frequency oscillations show a daytime maximum occurrence at

high and middle latitudes and there is some correspondence

between the magnetic records and geomagnetically conjugate

locations. This type of oscillation has not been observed in

the equatorial region and the periods and amplitudes are larger

toward higher latitudes. The period range 5 - 30 seconds

includes some Pc" The time of frequent occurrence is between

1000 and 1400 local time in middle latitudes and about noon at

the auroral zone. The amplitude increases toward higher lati-

tudes. The 40 - 240 second frequency range corresponds closely

to Pg. Frequent occurrences are about noon in middle latitudes

and about midnight in the auroral zone; to date, no_e have

occurred in the equatorial zone.

The low-frequency waves correspond to Pg. As noted above,

the vector diagrams show elliptical or circular polarization

with a clockwise rotation in the northern hemisphere and a

counterclockwise rotation in the southern hemisphere.
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The theoretical interpretation of the geomagnetic pulsa-

tions is still in a most primitive state. Most workers agree

that they represent hydromagnetic waves excited in the magneto-

sphere, propagated through the magnetosphere at hydromagnetic

velocities, and converted at the lower ionospheric boundary

into electromagnetic fluctuations which then propagate through

the neutral atmosphere. Because of the often almost-sinusoidal

character of the pulsations, it is generally thought_that they

may involve a resonance phenomenon. In addition, the simul-

taneity of certain of the Pt oscillations suggest that they may

be standing waves since the phase does not ....... _Lv_,y w,L,, the posi-

tion.

The most detailed interpretation of the micropulsations

has been on the giant micropulsatlons. The one-dimensional

character of the Alfv_n or intermediate mode raises the pos-

sibility that this mode may be trapped along a line of force

and give rise to a standing wave. Since the charged particle

density varies continuously, the mode will be a leaking mode

with energy passing through and radiating out as an electro-

magnetic wave at the end of the line of force. The density

contrast in the ionosphere then suggests a Q for this mode of

oscillation on the order of lO, all internal losses being

neglected (MacDonald, 1961).

The direct calculation of the free period of this mode

of oscillation is straightforward. The equation for the
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propagation of vorticity satisfies a one-dimensional wave

equation. By analogy with the oscillations of a weighted

spring it is then possible to calculate the free modes for

various models of the charged particle distribution and for

a dipole field. Results of these computations are shown in

Figure 4. The hlgh-density model corcesponds approximately

to the charged particle distribution during the solar maximum

while the low-density model corresponds to the solar minimum.

In the auroral regions, the period for this mode of oscillation

varies between 200 and 500 seconds, corresponding approximately

to the observed periods. The identification of the giant pulsa-

tions as trapped free modes of the intermediate wave thus seems

reasonable. As yet, the geographical distribution of the period

of the giant pulsations is not well enough known to determine

whether or not the variation falls along the curve shown in

Figure 4.

Hvdromagnetic Waves in Sp@c_

A number of workers have interpreted fluctuations of the

magnetic fie_d in space as evidence of hydromagnetic waves.

The interpretation of such fluctuations is not at all straight-

forward, particularly in the interplanetary medium. In the

magnetosphere, the orientation of the undisturbed magnetic

field can be determined with some precision and the disturbances

measured relative to the zeroth order field. In the inter-

planetary medium, the field is carried or generated by the

fluctuating streaming plasma and it is difficult to define a
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steady field. In order to adequately define a hydromagnetic

wave, it is necessary to determine the variation of three

components of the magnetic field so that the polarization

characteristics can be fixed. The first in situ observations

of fluctuation in the distant geomagnetic field interpreted

to have been produced by hydromagnetic waves were obtained by

Sonett et al. (1960) with a magnetometer aboard the space probe,

Pioneer I. Further observations were reported by Sonett et al.

(1962).

Judge and Coleman (1 _L_ _L ....... J ...... ,_ 1_. = ..........._u_/ uu_[v_u _[ Ldttl IUW-I [_U_ll_y

hydromagnetic fluctuations within the magnetosphere using

magnetometers aboard Explorer 6. The fluctuation exhibited

periods between lO0 and 500 seconds. Within this range of

periods, variations on the order of lO gamma in amplitude were

observed in the measured component of the field. Judge and

Coleman interpreted these results as hydromagnetic disturbances

propagating in the intermediate mode. The elliptical polari-

zation and the fact that the rotation of the polarization was

clockwise to an observer looking along the unperturbed field

line toward the north geomagnetic pole showed the similarity

of these oscillations to those observed by Sugiura and others

in the auroral regions. The transverse oscillations identified

by Judge and Coleman could very well be the giant pulsations.

Fluctuations have been reported by Hepner et al. from

studies on board Explorer lO and by Coleman et al. from
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magnetometers aboard Mariner 2. In both of these cases, the

data reduction has not proceeded far enough to allow a clear

interpretation of the results in terms of hydromagnetic waves.

These observations are of great interest because of the associated

fluctuations in plasma density. Hydromagnetic waves should show

changes in the spectrum accompanying the changes in the magnetic

fleld so that the energy balance expressed by Equation (21) is

maintained.

While it is fairly certain that the geomagnetic fluctuations

observed both at the _o^_',_,,.....=_u,c,o_..... o,,_ :,,, =_o_ ,_,_nt hydro-

magnetic waves, the origin of these waves remains in doubt. It

is generally thought (Dungey, 1963) that the disturbances origi-

nate at the boundary of the magnetosphere. It is expected that

the flow of the interplanetary gas over the surface will generate

waves in the same way that wind generates waves on water. As

the plasma streams past the bounding surface of the magnetosphere

at velocities greater than the local Alfv_n velocity, waves can

be generated in the surface of the magnetosphere either through

shear instability or by fluctuations in the dynamic pressure.

The actions of the fluctuations in dynamic pressure can be

visualized in a straightforward fashion. We suppose that there

is a pressure fluctuation with a certain lengthscale L. This

fluctuation will tend to produce longitudinal fast waves of the

same scale L traveling at various angles to the soJ_r wind. In

general, the wind speed will be different from the phase velo-

city of the waves. However, if the component of the wind speed
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resolved in the direction of the wave just equals the velocity

of the wave, then there is a matching between the fluctuation

in pressure and the mode of oscillation. A kind of resonance

takes place and the wave amplitude builds up. The local Alfv_n

velocity at the bounding surface is of the order of one-tenth

of the streaming velocity of the plasma. Since the rate of

build-up is greatest when the resolved component velocity equals

the phase velocity, we should expect that the fluctuations in

pressure would be most effective on the circular region of the

bounding cavity, where the circular region subtends an angle

of about ]0 degrees.

Waves generated along the bounding surface will be trans-

mitted inwardly with the fast mode propagating spherically

while the intermediate mode is guided along the lines of force.

Both of these modes are partially trapped within the magneto-

sphere. These modes then pass into the region where the density

of neutral particles becomes so high that collisions of the

ionized particles with the neutral particles remove energy from

the wave at a high rate (Dessler, 1959; Francis and Karplus,

1960; Karplus et al., 1962). However, part of the energy can

be converted into electromagnetic energy and propagated through

the earth's neutral atmosphere as ordinary electromagnetic waves.

Observations at ground level can provide some estimate of

the intensity of hydromagnetic waves in the upper atmosphere.

For example, Ness et al. (1962), in a power spectral analysis
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of geomagnetic fluctuations at Fredericksburg, Virginia,

found an energy of O.1 erg cm "3 in the frequency interval

0 - 0.5 c/s. The spectrum peaks at about O.1 c/s with a Q

of about 6. Similar values for Q for giant pulsations have

been obtained by Sugiura (196l). Since Q is re_ated to the

rate of energy dissipation, the quiet time rate at which energy

is dissipated in the frequency range of 0 to 0.5 c/s is then of

the order of 1 x lO -14 erg cm "3 sec "] With an Alfv_n wave

velocity of l09 cm sec -], the energy flux into the ionosphere

due to hydromagnetic wave dissipation in this frequency range

is 10 .5 erg cm -2 sec -1 This energy is completely negligible

in considering the total energy budget of the ionosphere.

0 F
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